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SECTION 1

INTRODUCTION

Although ozone is present in the earth's atmosphere only as a
minor constituent, it has a profound influence on atmospheric
dynamics by virtue of the fact that it is an extremely efficient
absorber of solar UV radiation. The distribution of ozone in the
atmosphere essentially governs the rate of absorption of solar
radiation as a function of altitude, latitude, longitude, and

solar zenith angle. The resultant atmospheric temperature gradients
in turn provide one of the principal driving forces for the
atmospheric wind fields. As evidenced by the discussions in this
report and the numerous literature articles referenced in the
bibliography (Section 9), a great amount of observational data

has been compiled concerning ozone distributions at numerous
locations. The fundamental principles of the atmospheric cir-
culation-ozone distribution interrelationship are well understood.
'fHowever, in order to extend this knowledge and to provide a means
of tracing the atmospheric circulation on a global scale, measure-
ments of the ozone distribution should ve performed on a continuous

basis with worldwide coverage/
7

The atmospheric ozone content and its vertical distribution have
peen measured by optical techniques since Fabry and Buisson first
demonstrated in 1913 that ozone was responsible for the atmospheric
solar cutoff at 30008. Since then, a great number of spectroscopic

investigations of the absorption properties of ozone have also been
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conducted in the laboratory. As a result of the laboratory
measurements, the numerous and extensive measurements of atmos-
pheric concentrations, and the thorough analyses which have been
performed in the reduction of observational data, the optical
techniques for determining total ozone concentrations have been
highly refined. The resolution with which the vertical distri-
bution of ozone can be determined from the ground is still, how-
ever, rather poor. Among the major objectives of this program is
the determination of how the established optical techniques for
measuring the vertical distribution of ozone can be adapted so
they can be performed from an orbiting satellite. The limits of
accuracy for these techniques are also to be established by
analyses which adopt reasonable values of anticipated measurement

errors.

The studies performed to date on this program have confirmed the
basic feasibility of using optical means for the continuous measure-
ment of atmospheric ozone from an orbiting satellite. Two tech-
niqueﬁ in particular, appear to offer great promise for imple-
mentation in the near future. That is, it is not anticipated

that a long instrument, or device, development period would be
required for the utilization of these two techniques aboard orbiting
spacecraft. The principles of these techniques are discussed in
some detail in Sections 6 and 7 of this interim report. Discussions

and evaluations of these techniques are presented in this report.

Another program objective is to evaluate the optical techniques
for their ability to determine wind motion in the upper atmosphere.
In particular, major emphasis will be placed on the feasibility

of utilizing the optical techniques to monitor ozone-air mass
motion from the equator to the poles. 1In this connection, the

theories with have been advanced concerning the use of ozone as a
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tracer for wind motion have been reviewed and are discussed in

detail in Section 2.

These theories are being critically analyzed since they will

prove to be major considerations in the fulfillment of another of
the program requirements, namely, to recommend the optimum satellite
orbits and positions of supporting ground stations for the attain-
ment of information concerning atmospheric winds. This task will

be performed in the forthcoming second-year effort.

During the period covered by this report, a major effort was ex-
pended in compiling and evaluating a comprehensive bibliography
of articles relating to the absorption properties of ozone and

to optical techniques for measuring the concentrations of atmos-
pheric ozone. The contents of these articles served as a basis
for selecting the optical techniques which offer the greatest
promise for the atmospheric ozone measurements. The large number
of articles which have been publiéﬁéd in this field justifies
their inclusion, in the form of a list of references, as a
separate section of this report. Accordingly, Section 9 contains
a bibliography of ozone articles classified according to whether
the primary emphasis is on atmospheric photochemistry, atmospheric
dynamics, spectroscopic properties, or the determination of at-
mospheric concentrations.“/Sections 3 and 4 of this report
summarize the information, obtained from the articles on ozone
spectroscopy and atmospheric measurement, that is pertinent to

the analyses being performed during the present program.;
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PRECEDING: PAGB BEANK NOT FIRRED.

SECTION 2

METEOROLOGICAL ROLE OF ATMOSPHERIC OZONE

Although the total amount of ozone in a vertical column above the
earth's surface corresponds to only about 0.3 cm when reduced to
standard temperature and pressure (STP), this chemical species

exerts a powerful influence on meteorological processes, principally
by virtue of the high efficiency with which it converts incident
solar ultraviolet radiation into heat. This can be illustrated,
superficially, by considering that a nonuniform distribution of

ozone in the earth's atmosphere, and the resultant nonuniform heating,
will lead to temperature gradients which can in turn create atmos-
pheric wind fields. However, a redistribution of ozone by atmospheric
winds will lead to an alteration of the temperature and wind patterns
so that a complex relationship between ozone distribution and wind

patterns can generally be expected.

The objectives of the discussions appearing in this sectioan are:

(1) to demonstrate the intimate role that ozone plays in meteorologi-
cal processes, with special emphasis being placed on atmospheric wind-
ozone relationships, and (2) to establish the value of continuous
monitoring of the worldwide distribution of ozone for the purpose

of tracing large scale air mass motions and simultaneously obtaining

information concerning other meteorological parameters. ,
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2.1 PHOTOCHEMICAL PRODUCTION OF OZONE

A consideration of the photochemical processes in the earth's upper
atmosphere which are responsible for the ozone content is important
for the following reason: The transport and circulation of ozone

by atmospheric winds was first recognized as an important process
when the measured vertical ozone distributions were found to deviate
from those which had been predicted by photochemical theory. For
this reason, a brief review of the photochemistry which results in
the formation and destruction of atmospheric ozone is presented

here.

Since Chapmanl*first outlined the principal features of the photo-
chemical processes involved in the creation of atmospheric ozone,
several analyses have been performed to determine the ozone content
that would be anticipated on the basis of photochemical equilibrium.
Although these latter analyses take into account factors not included
in the original theory, the general scheme as presented by Chapman

nevertheless remains valid.

Recent reviews of the photochemical production of atmospheric ozone
have been published by B. G. Hunt2’3 and by Whitehead, et. al.4

The latter authors considered only those photochemical reactions
which would occur in an atmosphere of ozone (03) and atomic and
molecular oxygen (O and 02) in the presence of inert third bodies.

The most important of these reactions are considered to be:

0, +hv = 0+0; A< 24244 (2-1)
0y + hv = 0, + 0,1 < 11,8004 (2-2)
— 2""3
0+0,+M~ 0, +M (2-3)
- 2-4

0+ 04~ 20, (2-4)
O+0+M~0,+M (2-5)

%
See Section 9.6 for cited references
7087 -IR-1 6




where M is any third body, presumably N2 in most cases.

The additional reactions

O3 + O3 -3 O2 (2-6)

o3+02«o+202 (2-7)

are not considered to significantly affect the equilibrium con-

centrations of ozone.

The quantities required for a numerical calculation of the equilibrium
amounts of atmospheric ozone due to the above photochemical reaction
scheme are: (1) the flux of solar radiation within the pertinent
wavelength bands that is incident on the top of the earth's atmos-
phere, (2) the absorption cross-sections per molecule of 02 and O3

in the pertinent wavelength bands, (3) the values of the rate
coefficients, #, for the above reactions, (4) the density distribu-
tion with altitude of O, and N,. In addition, the solar zenith angle

2 2
must be taken into account.

Reasonably reliable values for the solar radiation flux are now
available as a result of rocket measurements. The absorption cross-
sections of both ozone and molecular oxygen have been carefully
measured. There exists some g as to the cross-
section value of O2 that should be used in the ozone calculations,
since absorption by oxygen is known to be pressure dependent.6

The rate coefficients are difficult to measure in the laboratory,
and, moreover, some of them are strongly temperature dependent. So-
called standard distributions are usually employed for the densities
of air molecules. In spite of the necessity for adopting values

of these parameters that are somewhat uncertain, there is no doubt

about the photochemical origin of ozone.
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The calculation of equilibrium amounts of ozone has been performed

by various investigators including Paeltzold‘,-',-12 Nicolet,13

1,16

1
Frenkiel,14 Craig,6 Blamont and Nenahue, > Chapman, Wulf and

4
Deming,17 and by Whitehead, et. al.  Although the calculations
performed by these different authors differ in such details as the
values assumed for the above-named reaction parameters, all are

in general agreement with the following conclusions:

1. The amounts and vertical distributions of ozone in the
upper stratosphere can be accounted for by the existence
of an equilibrium among the photochemical reactions (2-1)
through (2-5).

2. The ozone content of the lower stratosphere cannot be
accounted for by in situ photochemical production, but
must have its origin in the upper stratosphere. It is
presumably formed in the photochemical equilibrium region
(above about 40 km) and transported by vertical wind
motions to the lower stratosphere, where it is relatively
protected from photodecomposition.

3. No significant diurnal variation in the total ozone content
is anticipated on the basis of the photochemical reaction
scheme. In particular, no significant changes in the total
ozone content are expected to occur during the night when
the sunlight is absent. Although the concentrations in
the uppermost layers may change during the night, the
amount of ozone in these layers represents only a small
fraction of the total ozone.

4. Minimum amounts of total ozone should be associated with
large solar zenith angles. This follows from the fact
that the path length for a solar ray through any given
layer becomes greater as the zenith angle increases. This
results in a proportionately greater absorption of solar
radiation in the upper layers and a decrease in the intensity
incident on the lower layers. The net effect is to reduce
the equilibrium concentrations of ozone.

Whereas the investigators cited above considered only the five listed

0
2,3,18 Hampson19 and Roney2 also included a set

0, OH and HO

reactions, Hunt,

of reactions involving H By adopting improved values

2 2°

of 4, and #, given by Bensen and Axworthy and the value of kg
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determined by Reeves, Mannella, and Harteck,21 Hunt also concludes
that the atmospheric concentrations of ozone above about 40 km are
consistent with photochemical theory. He attributes the fact that
other investigators have previously arrived at this conclusion by
considering only reactions 2-1 through 2-5 as being due to a fortui-
37 ha, and hs. The errors

in the assumed values just offset the error in ignoring the reactions

tous choice of erroneous values for #

involving hydrogen-containing compounds, according to Hunt. In
any case, it is generally accepted that the ozone concentrations
in the upper portion of the ozonosphere are in accord with the photo-

chemical reaction mechanisms defined by Chapman.

2.2 OBSERVED OZONE DISTRIBUTIONS

The ozone distributions of interest are: (1) Variations in the
total (integrated) amount of ozone in a vertical column (of unit
area cross-section area) which extends upward from the earth's
surface through the entire atmosphere. These include diurnal,
daily and seasonal variations over any given location, as well as
latitudinal and longitudinal variations at any given time. (2)
The vertical distribution of ozone content with altitude, i.e.,
the vertical profile, which also exhibits temporal and geographical
fluctuations. These two types of distributions are measured by
different methods and, in general, much more extensive data are
available concerning variations in the total ozone content than

variations in the vertical distributions.
2.2,1 VARIATIONS OF TOTAL OZONE CONTENT
. 6 ,
Craig 1in 1950 summarized the results of total ozone measurements

that had been obtained until that time. Substantial additionmal

data have become available since 1950, and especially during the IGY.
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These were summarized in 1960 by Godson22 as shown graphically in
Fig. 2-1. The solid contours in this figure describe the mean
distribution of total ozone (in 10.3 cm NTP) as a function of month
and latitude in the Northern Hemisphere. The amounts shown were
arrived at after considerable averaging over a large number of
observations and smoothing of data were performed. Several features
of the observed variations in total ozone content are conveniently
illustrated by means of this figure. It is seen that the total
amount of ozone is a maximum in spring and a minimum in autumn

with the largest amplitude of variation at high latitudes. There
is also very little seasonal variation in the vicinity of the
equator, with only a slight maximum being observed in the late
spring or early summer. During most of the year, the total amount
of ozone increases from the equator to a maximum at about 60°N.

In the spring, the maximum occurs at or near the pole. It is to

be noted that the observation of a spring maximum at the pole is

in disagreement with conclusion (4) of Subsection 2.1, which was
based on photochemical considerations. This observation was instru-
mental in pointing to the importance of atmospheric mass motions

in redistributing the photochemically produced ozone from the
equator to the poles (see subsection 2.3.1). (Relatively fewer
measurements of the total ozone content have been made in the
Southern Hemisphere. However, the measurements that have been made
indicate that the seasonal and temporal variations in the two

2
hemispheres are quite similar. 3’24)

Evidence for longitudinal variations in the N.rthern Hemisphere
, 25,26
has been given London who observed that at all seasons there
is more ozone over eastern North America, eastern Asia and central
Europe than at other longitudes. These differences become especially
2
pronounced in spring. Kulkarni, et. al., 7 have noted the amounts

of ozone at Tateno, Japan (36°) are consistently larger than at

7087 -IR-1 10
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Srinagar, India (34°N), particularly during the late winter and spring.

Temporal variations include long-term fluctuations, e.g., month-
to-month, and the shorter term fluctuations which are superimposed

on these, such as, for example, day-to-day fluctuations. Perl and
Dutsch“ have published extensive data concerning the annual varia-
tion of total ozone over Arosa, Switzerland which were obtained during
a unique series of measurements made between 1926 and 1958, with
minor interruption. These data allowed long-term average values

to be determined for each calendar month. These average values

appear in Fig. 2-2 as circle points.

The vertical lines shown attached to the points in the figure re-
present the root-mean-square values of the deviations of individual
monthly means from the long-term mean for each month. It is seen
that these deviations can be rather sizeable, amounting to 23 X 10-3cm
NTP in February, for example. The deviations for June through
November, on the other hand, range from 10-12 X 10-3 cm NTP. In
addition to the monthly and annual variations there occur large and
striking deviations of individual daily values from the monthly
mean. As noted by Craig,29 the Arosa data can be used to compute
the deviation of each daily value from the mean for the month in
which it occurs. For the month of March, the root-mean-square value

of such deviations from 1949 through 1958 was 33 X 10-3 cm NTP,

and for the month of October 16 X 10-3 cm NTP. The daily deviations
are such that it is not unusual for individual daily values of total
ozone in autumn to exceed certain individual values during the
period of spring maximum. The types of deviations observed at
Arosa are considered by Craig30 to qualitatively represent the

behavior at all locations not too near the equator, with variations

at higher latitudes being even more pronounced.

7087-1R-1 12
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The above discussions serve to illustrate the types of variations of
total ozone content that are known to occur. The data discussed,

of course, applies only to the times and locations cited in the examples.
However, these examples emphasize the fact that the total ozone content
at any given location can only be determined at a given time by direct

measurement; the actual amount may differ markedly from mean values.
2.2.2 VARIATIONS IN VERTICAL OZONE DISTRIBUTION

Marked temporal and geographical variations also characterize the
vertical distribution of ozone. Figure 2-3 shows five vertical distri-

butions as determined by Mateer and Godson31

from observations at
Moonsonee and Edmonton, Canada, during different seasons. The vertical
profiles were computed from Umkehr data (see section 4) which does

not allow the distributions to be determined with great resolution

and necessarily smooths out small-scale features. However, the prin-
ciple features shown in the figure are typical of all vertical ozone
distributions which have been observed at high latitudes. The maximum
density of ozone is found in the lower stratosphere, usually between

15 and 30km. The ozone density above 30km decreases rapidly with
height. Below the tropopause, i.e., below approximately 10 km , the
ozone density is small and relatively constant. Of special importance
is the fact that variations of total ozone amounts are mainly accounted

for by variations in the lower stratosphere.

D'\itsch32 has published similar seasonal curves for Aroza, Switzerland,
which is situated at a lower latitude than the Canadian stations. As

is seen in Figure 2-4, the vertical distribution and its seasonal
variation at Aroza is qualitatively the same as at the higher latitudes.
One notable difference is that the seasonal variations in the lower
stratosphere are smaller. In the figure there is also shown a verti-

cal distribution which was measured at Leopoldville in the Congo. As
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in most measurements made near the equator, there is little seasonal
variation at any altitude and the maximum density occurs at a higher

altitude.

The above examples show that there is a direct correlation between
seasonal variability in the vertical distributions and in the total
ozone amounts. This is due to the previously noted fact that changes
in total ozone amounts are due mainly to changes in the ozone concen-
trations in the lower stratosphere. It will be seen in later dis-
cussions that this variability is governed by transport mechanisms

involving large-scale atmospheric wind motions.

One feature of vertical ozone distributions which is not shown in

Figs. 2-3 and 2-4, is the tendency for the occurrence of double

maxima in the vertical profile on days of large total amounts of

ozone. That is, when the integrated ozone content is unusually large,
a primary maximum in concentration is observed between 20 and 35km, and
a secondary maximum between 10 and 20km. The existence of the second
maximum was first suggested by Gotz33, and then later confirmed by
Ramanathan and Karandikar34. From observations at Tromso, Tronéberg
and Langlo35 also obtained evidence for a double maximum. Durand36,
et.al., deduced two marked maxima at 17 and 25KM from the data from

a V2 rocket flight over New Mexico in October 1947. Regener37 has

also observed double maxima in the results of balloon flights over

New Mexico. Normand38 has shown that the secondary maximum, if analyed
in terms of the ozone-to-air mixing ratio, can provide valuable infor-
mation concerning the vertical component of stratospheric winds.

(see Subsection 2.3.1)

2.3 EVIDENCE FOR TRANSPORT OF OZONE BY ATMOSPHERIC WINDS

Three types of arguments or evidence have been advanced to establish the

value of monitoring ozone distributions over wide areas as a means of
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tracing atmospheric winds. These are: (1) an argument based on the
observed deviations of ozone distributions from those predicted by
photochemical theory, (2) analyses, including numerical computations,
which show that non-uniform distributions of ozone in the atmosphere
will result in differential heating and, therefore, temperature
gradients of sufficient magnitude to cause air mass motion, and (3) ob-
servational data which provide direct correlations to be made between
ozone distributions-and atmospheric wind fields which are simultaneously

measured.

In order to illustrate the value of continuous ozone monitoring as a
means of providing information about air mass motions, the three

types of evidence mentioned above will be reviewed here.

2.3.1 DEVIATION OF OZONE DISTRIBUTIONS FROM PHOTOCHEMICAL EQUILIBRIUM
PREDICTIONS

The first type of deviation to be noted was discussed in Section 2.1,
where it was stated that the ozone concentrations in the lower strato-
sphere did not agree with equilibrium predictions. In addition to
failing to predict the correct absolute concentrations, the photo-
chemical theory cannot account for the great variability observed in
the lower stratospheric ozone content. It is only by invoking a com-
bination of vertical air displacements and horizontal advection* that
the observed concentrations, and their variations, can be reconciled

with photochemical theory.

The effect of a vertical component of air flow on the vertical profile
depends not only on the original ozone distribution, but also on the

photochemical stability of ozone at the level in question.

* The horizontal shifting of a mass of air, considered especially
as a means of transfer of heat.
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Wulf and DemingJ; Nicolet13, Craig6, and Dﬁtsch3? among others have
examined the stability or life of ozone, i.e., the efficiency with
which the photochemical processes at any given level will respond to
a perturbation due to winds, etc., to restore the ozone content to its
equilibrium value. The main conclusion from these studies is that
the times for half restoration is of the order of hours or less for
levels above about 35km, but may be weeks or more below 20km (due
mainly to the low efficiency of 02 and 03 dissociation at the lower
altitudes). Dﬁtsch3? for example, concludes that the photochemical
time constants may vary from minutes at 55km to years at 20km. Wulf
and Deminér7arrived at similar conclusions and used these to show that
if a parcel of air containing ozone is transported, for example, from
the altitude at which the amount iﬂ\photo-equilibrium with solar
radiation is a maximum to a level considerably above this, the solar
radiation rapidly reduces the ozone content to the equilibrium amount
at this latter level. However, if this ozone is transported to a
level considerably lower than that of the maximum concentration,

it is appreciably screened from the action of solar radiation. At
the same time, the deficit of ozone at the point from which it was
transported downward is rapidly restored by photochemical actionm.
This observation has led to the widely accepted conclusion that down-
ward movement of air in the stratosphere will lead to an increase in
total ozone while upward movement of air will tend to bring ozone to

a minimum amount.

Normand38 made the very significant observation that the ozone mixing
ratio (not density) in the lower stratosphere is a conservative pro-
perty of a parcel of air and is determined mainly by the past history
of that parcel of air. Along an isobar in the lower stratosphere, the
ozone mixing ratio should increase in subsiding air and decrease in
ascending air. Normand also notes that the secondary maxima in the

vertical tend to occur on days of high total ozone content and that
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if the ozone were plotted in terms of its mixing ratio vs altitude,
the secondary maxima would appear as a change of slope on the curve.

He concludes that if the vertical distribution of the mixing ratio

were known from day-to-day over a large area, valuable information
would be obtained concerning the vertical component of wind in the
lower stratosphere. (Special note is taken of this conclusion at

this point, since the optical technique which is recommended in
Section 6 allows the simultaneous measurement of ozone and air con-
centrations, i.e. the mixing ratio, to be determined as a function

of altitude.). Reedld) demonstrated that measured atmospheric ver-
tical displacements are of sufficient magnitude to at least partially
account for the day-to-day fluctuations in both the total ozone con-
tent and its vertical distribution. Figure 2-5 shows the results of

a sample calculation performed by Reed, which illustrates the extent
to which the vertical profile of the ozone mixing ratio can be altered
by allowing vertical displacements to operate on an assumed initial
distribution. Curve I in the figure represents an initial distribution
which corresponds to & total ozone amount of 0.132 cm (NTP). This
latter curve is allowed to be displaced downward by a distribution

of vertical velocities resulting in the new distribution represented
by Curve I1. The length of the ordinates between the two curves indi-
cates the assumed displacements. Not only-is the vertical distri-
bution altered, but, with the assumed displacements, the total ozone
content increases from 0.132 cm to 0.156 cm. Reed concludes that

this increase of 0.024 cm is close to the theoretical maximum that

can be accounted for when the magnitude of known vertical motions is
considered. Larger increases than this can be explained only by

assuming that horizontal advection also contributes to the increase.
The discussions of this subsection up to this point have emphasized

the discrepancy between observed vertical ozone distributions and

those predicted from photochemical theory. Equally significant, as
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indications of the importance of ozone redistribution by atmospheric
motions, are the discrepancies between the observed latitudinal ozone
distributions and those predicted by theory. As was noted in Sub-
section 2.2.1, the occurrence of a maximum in the total ozone content
over polar regions in the spring was in contradiction to conclusion (4)
of the photochemical discussion (subsection 2.1). Craig6, among

others, has pointed out that neither the latitudinal nor the seasonal
variations of ozone concentrations could be explained in terms of
variations in the solar zenith angle. WUlf41 was apparently the first
to point out that the spring polar maximum could be explained in

terms of a general circulation pattern which includes both vertical
transport and a meridional component of circulation. This pattern

is illustrated in very simplified form in Fig. 2-6, in which the

ozone density is schematically represented by the dark shading. Wulf
pointed out that the meridional circulation pattérn illustrated in the
figure was consistent with the known temperature distribution in the
stratosphere. The meridional component causes air to descend in the
atmosphere over the equator and to move northward in the lower strato-
sphere. At the poles the stratospheric air would rise again, while

the tropospheric air would descend in the manner shown in the figure.
Air rising over the poles would have its ozone sharply reduced by

solar radiation, while air descending over the poles would lead to a
large concentration of ozme in the cold artic air. As this air works .
its way southward over the earth's surface, the ozone content will
diminish to an extent which depends on the amount of contact with the
surface. Meanwhile, the air rising over the equator will be relatively
free of ozone because of solar action, which ensures the integrated
amount of ozone will be a minimum in this region. Kellogg and Schilling42
have elaborated somewhat on Wulf's proposed circulation pattern, show-
ing that the general pattern agrees with a large number of observational

results and theoretically deduced features of the upper atmosphere.
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While Wulf's circulation pattern is now widely accepted, there is some
question as to the relative importance of horizontal and vertical
motions in explaining variations in ozone distributions at any given
time and place. Paetzold43 concludes that spring fluctuations are
dominated by vertical motions and mixing. Ramanathan44 states that
ozone variations associated with weather systems are most marked in
the period October to June. Goody and Roach’s45 results of ozone IR
emission measurements tend to confirm that fluctuations in total

ozone amount are not due to the same causes at all seasons. Others
who have discussed observed ozone distributions and/or have attempted
to evaluate the relative importance of horizontal and vertical motions
are cited in References 46 through 70. There is unanimous agreement
among all authors who have investigated this problem about the need
for a greater amount of observational data with which to compare the

results of theoretical analyses and computations.
2.3.2 HEATING DUE TO OZONE ABSORPTION AS A DRIVING FORCE FOR WINDS

The discussion in the preceding subsection was intended to demonstrate
the manner in which ozone photochemical considerations and atmospheric
circulations could account for the observed ozone distributions and
their variations. In actual fact, the problem is much more compli-
cated, since the atmospheric distribution of ozone is one of the prin-
cipal factors governing the magnitude and direction of atmospheric
mass motions. In analyzing the response of the earth's atmospheric
circulation to the solar heat input in the stratosphere, Webb71 con-
siders the distribution of ozone to be the most important variable,
aside from the simple geometry of the sun-earth relationship and

possible fluctuations in the solar UV flux.

The role that ozone absorption plays in the general circulation pattern

can be illustrated in simplified form as follows: During the equinoctal
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period, when the sun's incident radiation is perpendicular to the
earth's surface at the equator, there exists considerable symmetry
between two hemispheres, with respect to the angle of incidence of
solar radiation. In particular, the input of solar energy into the
upper atmosphere is symmetric in both directions away from the equator,
if it is assumed that the opacity is uniform. This latter assumption
implies identical latitudinal distributions of ozone in the two hemi-
spheres. Ultraviolet radiation of a given wavelength should penetrate
to a maximum depth at the equator; i.e., reach a minimum altitude be-
fore it is absorbed. At points away from the equator towards either
pole, the penetration decreases or the minimum altitude increases. A
well defined meridional gradient of heat input into the stratosphere
thus develops at the time of equinox. This, in turn, results in a
decrease of temperature at any given constant altitude surface from
the equator to the poles which would cause low pressure centers at

each pole and westerly winds over the entire globe.

This very simple picture can be extended to other periods, when the
subsolar point moves away from the equator and can qualitatively explain
many of the gross features of the global circulation pattern72-76.

That this circulation pattern is also strongly dependent on the vertical
distribution of ozone can be seen in the following summary form42:
The important mechanisms for heating of the atmosphere below about
80km are the absorption of solar radiation by ozone and of infrared
radiation by water vapor and carbon dioxide. Detailed calculations of
the radiative budget of each layer between 50 and 70km show that there
is a net gain of heat due to absorption at the bottom part of this
layer and a loss at the top. This condition can only lead to a con-
vective transport of heat to counteract the radiative unbalance. The
magnitude of the convection at any time and location in t he atmosphere
will obviously depend strongly on the prevailing ozone distribution

and on the solar zenith angle.
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The above examples serve to emphasize the close interrelationship that
exists between photochemical, radiative, and dynamical processes.

Many authors have analyzed the role of ozone in the atmospheric heat
budget by using assumed or '"standard" distributions of ozone71-86.
Others have attempted to calculate ozone concentrations theoretically

by using observed air densities and temperatures.

Leovy72 notes that not only does the temperature depend on the ozone
distributions, but the converse is also true87. He performed an
iterative type of calculation which simultaneously took into account
the photochemical and radiative aspects of the problem and which
resulted in the simultaneous determination of ozone and temperature
distributions. This analysis and many othersn—s7 demonstrate that
if the actual ozone distribution could be measured at a given time
and locatien, the heat budget and temperature profile appropriate to
that locatien could be computed. This information could in turn be
incorporated into hydrodynamic models which relate atmospheric motion
to the temperature field. Details of the analytical procedure for
calculating the velocity field from a knowledge of the differential
heating have been set forth by Lindzen and Goody88, who took into
account the various forms of couplings between ozone concentrations,
temperatures, radiative and photochemical effects, and wind motions.
This latter work and those of Dav1383 and Bekoryukov47 in particular,
show that given sufficient data concerning ozone distribution over
large areas, analytical techniques can be used to deduce the atmosgpheric
response, in terms of atmospheric circulations, to the non-uniform

solar heat input.

2.3.3 DIRECT CORRELATIONS BETWEEN ATMOSPHERIC OZONE AND AIR
CIRCULATIONS

In recent years, it has been possible to perform simultaneous measure-

ments of ozone vertical distributions, temperatures, and atmospheric
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wind velocities. Breiland89 has examined the results obtained with
the chemiluminescent ozone soundings during weekly balloon flights at
a network of stations in North America. By direct correlation, it was
established that significant changes in the temperature lapse rate

or in the wind field frequency are associated with correspondingly
significant changes the partial pressure of ozone. 1In particular,

the stratified nature of the atmospheric wind field and thermal

structure is reflected to a high degree in the ozone soundings.

Sticksel90 and Paetzold49 have shown that there exists a relationship
between ozone content and the position of the subtropical jet stream
relative to the location of the observations. With few exceptions,

the jet stream, a core of winds with speeds in excess of 50 knots, was
found to the seuth of the ozonesonde station whenever double maxima
were found in the vertidal profile. Sticksel, by taking in account
several meteorological criteria, analyzed this relationship in terms

of the atmospheric dynamics which are responsible for the double maxima.

61,91 has demonstrated the value of broadscale

More recently, Hering
ozone determinations in diagnostic studies of atmospheric circulation
processes. By virtue of a network of 12 ozonesonde stations disti-
buted over North America, ozone concentrations were systematically
measured at the same time that data pertaining to pressure, tempera-
ture, and humidity were taken at the various stations. The results,
as reported by Hering, leave no doubt that continuous observations

of ozone concentrations taken simultaneously over several geographic
locations could serve to assess the importance and correctness of the

several proposed relationships between ozone and atmospheric circula-

tion which have appeared in the literature.

The studies which have been cited in this section are being carefully

analyzed in order to determine the optimum satellite orbits, the
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range of latitudes and altitudes of ozone distribution measurements,etc.,
which would prove to be of the greatest value in diagnosing global

scale air mass motion.

2.3.3.1 Correlations Between Ozone and Other Atmospheric Parameters

In the course of the study performed during this program effort, an
impressive number of literature articles were found which describe
observed correlations between atmospheric ozone content and various
meteorological parameters. The main objective of this study was to
demonstrate the value of monitoring the ozone distributions on a
world-wide basis as a means of tracing large-scale atmospheric motions.
The relationship of ozone to other meteorological properties was
therefore not examined in detail. However, references to the articles

which relate evidence for these correlations are included in Section 9.3.

The existence of these correlations suggest that ozone measurements

may be of value not only for tracing winds, but also for providing
indirect information concerning the values of other atmospheric para-
meters. That is, once the exact nature of the correlations are es-
tablished, a remote ozone measurement may allow the values of other
parameters to be inferred. An indication of how the total ozone
content can be related, for example, to temperature at a given pressure
level is seen in Figs. 2-7 and 2-8. These figures were taken from
Godson's work22 in which the correlations at different latitudes were

40,66,92’93 have discussed the re-

compared. Other investigators
lationship between temperature and_total ozone amounts as a function
of latitude and season, and in terms of horizontal advection and
vertical motion. The relationship is a complex one but, as Figs. 2-7
and 2.8 and Godson's discussions indicate, it can be analyzed and

understood on a semi-empirical basis.
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Correlations between ozone and other meteorological parameters are
too numerous to discuss here; the titles of the articles referred to
in Section 9, however, serve to illustrate the varied nature of the

correlations which have been observed.

2.4 OZONE MONITORING AS A _MEANS OF TRACING ATMOSPHERIC AIR MASS
MOTIONS

The results of the many investigations cited above show that there is
a dual connection between the distribution of atmospheric ozone and
atmospheric circulations: (1) the atmospheric circulation effects a
transfer of ozone from regions of high content to regions of low
content, or vice-versa, and, together with photochemical processes,
accounts for the observed distributions and their variations, and (2)
absorption of solar radiation by non-uniform latitudinal, longitudinal,
and vertical distributions of ozone provides one of the principal
driving forces for the atmospheric circulation in the form of tempera-
ture gradients. The atmospheric circulation-ozone interrelationship
has been extensively investigated by numerous workers, and the basic
physical and meteorological principles involved are believed to be
well understood. It is reasonable to assume that by incorporating
empirical correlation data into circulation computations which are
based on photochemical-radiative-hydrodynamical models, ‘the role that
ozone plays in meteorological processes will be understood in detail.
The need at present is for increased observational data on the distri-
bution of ozone, particularly on a continuous basis and on a global
scale. It is evident that the study of atmospheric ozone has ad-
vanced to such a stage that, given such data, it can lead to a complete

definition of the atmospheric circulation-ozone interrelationship.
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SECTION 3

OZONE SPECTROSCOPY

Any optical technique that is to be developed for the quantitative
measurement of ozone concentrations will depend on an accurate
knowledge of the absorption properties of the ozone molecule. The
certainty with which the absorption coefficients of ozone in the
infrared, ultraviolet, and visible spectral regions are knewn will
be one of the factors determining the accuracy of atmospheric ozone
measuremeats. For this reason, an extensive search of the litera-
ture was conducted to compile all available material on the spectro-
scopic properties of ozone. This literature search resulted in a
vast amount of information concerning the visible, UV, and IR
absorption bands of ozone, as is indicated by the lengthy biblio-
graphy in Subsection 9.4.

A discussion of the absorption bands of ozone should also include

a brief review of the chemical structure and vibrational and electronic

energy levels of the molecule, since these properties strongly in-
fluence the changes in the band structure that accompany changes
in temperature and pressure. These properties have recently been
reviewed by G. Herzberg. These factors will have a strong bearing
on the interpretation of spectroscopic measurements in terms of
absolute ozone concentrations. Conversely, by properly accounting
for the effects of temperature and pressure it appears possible to
extract, from the ozone measurement data, values of atmospheric

pressure and temperature at the same altitudes for which ozone
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concentrations are obtained. These possibilities were not examined
in detail during this program effort, however, the main emphasis
being placed on an evaluation of the reliability of the several

sets of published values for ozone absorption coefficients. The
objective of this present section is to fully describe the absorp-
tion spectrum of ozone for reference, as analyses of the measure-
ment techniques are discussed in subsequent subsections of this
report. As will be seen, a great wealth of information concerning
ozone absorption has been obtained by numerous investigators, so
that the values of the molecular quantities which are required in
any optical measuring technique, i.e., absorption coefficients,

can be considered to be known to a high degree of accuracy. Further-
more, the fact that they are known over a wide spectral range and
under a variety of conditions promises great versatility for optical

ozone measurement techniques.

3.1 CHEMICAL STRUCTURE AND VIBRATIONAL AND ELECTRONIC ENERGIES

Trambarulo et al,g5 and Robinson have reviewed the chemical
structure and energy levels of the ozone molecule and analyzed the
electronic configuration in terms of valence-bond and molecular
orbital theory. The best data indicates that the three atoms of
oxygen in an ozone molecule form an isosceles triangle with an

apex angle of 116° 49min. *+ 30min. The two end oxygen atoms are
connected to the central atom by chemical bonds which can be con-
sidered to be intermediate in character between single and double
oxygen-oxygen bonds. The two equal bond lengths have been measured

8
at 1.278& by both microwave and electron diffraction methods.

Figure 3-1 consists of a partial electronic energy diagram of the
ozone molecule, The levels shown are labelled by standard spectro-

scopic notation, the assignments being made in accordance with

34
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Figure 3-1. Electronic Energy Level Diagram for Ozone
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theoretical predictions. It must be emphasized that the assignments

are tentative and that little is known concerning the nature of the
3 1 1

excited electronic states, A "B., A "B., and B "B

1’ 1 2°

The electronic transitions from the ground state, X 1A1’ to the

B 1B2 state give rise to the wide absorption bands (Hartley-Huggins
bands) that appear in the region between 23004 and 35008 and which
account for the atmospheric solar cutoff, The diffuseness of the
absorption band is due partly to the unresolved vibrational and
rotational structure of the band, but mostly to the inherent dif-

fuseness of the B 1B state. Similarly, the Chappius bands at

2
4300 to 6100& and the near-infrared bands between 7000 to 10,0008
are diffuse due to the inherent widths of the A 1B and A 3B states,

1 1
respectively. This diffuseness corresponds to a predissociation

of the ozone molecule. That is, following the act of absorption
of radiation there is a large probability that the ozone molecule
will instantaneously undergo a radiationless transition into a
dissociative state which consists of an oxygen molecule and an oxygen
atom. Thus, the absorption of ultraviolet, visible, and near-IR
radiation results, at least to a high degrée, in the decomposition
of the ozone molecule. The significance of this, from the point
of view of ozone measurements, is that the ozone molecule does not
reemit the same radiation that it absorbs. There is no evidence
in the literature for a fluorescence band between 23008 and 3500&
1

which corresponds to the inverse transition, B 1B2 - X Al’

Hartley-Huggins bands. Nor has any fluorescence been reported in

of the

the vicinity of the Chappius or near-IR absorption bands. All
ozone detection and measuring schemes which depend on a fluorescence-
type backscattering phenomena are, therefore, excluded from con-

sideration, with the possible exception of the IR traansition at 9.6u.

The best available data indicate that two of the fundamental vi-
brational frequencies of ozone are at 710 cm-1 and 1043 cm—l.

36
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These assignments are consistent with the infrared (vibrational)
data, and also with the observed temperature dependence of the vi-
brational structure in the ultraviolet (electronic) absorption
bands. These values could conceivably be used to advantage in the
measurement of upper atmospheric temperatures concurrently with the

ozone measurements.

That is, if the band structure in the atmospheric ultraviolet
absorption bands could be analyzed in terms of its temperature de-
pendence, it would provide a measure of the temperature at the

ozone altitudes. While this is an interesting possibility that
should be kept in mind in future analyses, the preseat conclusion

is that the complex structure of the UV bands has not yet been
unambiguously interpreted in terms of individual vibrational transi-

tions.

3.2 ABSORPTION SPECTRA OF OZONE

The absorption spectra of ozone in the visible, ultraviolet, and
infrared spectral regions have been measured by literally dozens
of workers?g.152 The absorption bands of interest are illustrated

and discussed in this section.
3.2.1 VISIBLE ABSORPTION BANDS

Figure 3-2 shows the wavelength variation of the absorption cross
section of ozone in the region of the visible Chappius bands99 as
measured by Vigroux%oolt is noted that there is a strong wavelength
dependence of both the ozone cross section and the scattering cross
sections of air molecules in this spectral region. This allows

the contribution of the air molecules to the total attenuation of
solar radiation to be accounted for, and also permits the measure-

ment of ozone concentrations to be made from the measurement of

37
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relative intensities of transmitted solar radiation at a pair of
wavelengths. These points will be elaborated upon in Section 6.
The absorption represented by the Chappius band cross section is
relatively weak. However, through a path length which traverses
the total atmosphere there occurs sufficient attenuation in these
bands to measure ozone concentrations. The Chappius bands will
prove to be instrumental in the evaluation of some of the active

and passive techniques discussed in this report.
3.2.2 ULTRAVIOLET ABSORPTION BANDS

The ultraviolet absorption bands of ozone between 2300% and 3500x,
are responsible for the atmospheric cutoff of UV solar radiation,

In this spectral region, the absorption of solar radiation is
extremely strong, and extremely small quantities of ozone could

be detected by utilizing these bands. This will prove to be of
value in extremely high altitude measurements (35 to 80 km).

Three of the absorption curves in the ozone Hartley-Huggins bands,
as determined by different authors, are reproduced as the top part
of Fig. 3-3. The values of the absorption coefficients are seen

to drop off rapidly towards wavelengths longer than those shown

in the figure and there is considerably more structure in the bands.
This structure is associated with vibrational and rotational transi-
tions of the molecule and is temperature-depeadent. It is this
portion of the bands which could possibly be utilized in the measure-
ment of temperatures of the upper atmosphere. It is seen that at
certain wavelengths the determinations differ by as much as 25§.

The values measured by Vigrou%xx%ave generally been considered to
be the most reliable and were adopted by the International Ozone
Commission 1in 1957 for calculation of the amount of atmospheric
ozone from measurements by Dobson spectrophotometers. Inn and
Tanak%07have also endorsed Vigroux's values as representing the

most reliable set of ozone absorption coefficients in the 2000-3000&
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region. On the other hand, Dobso&OBand Hamilton and Walkerlo4 have
claimed that Vigroux's measurements are considerably in error and
have independently measured ozone absorption coefficients for use
in their calculations. In spite of this, Vigroux's values will

be used hereafter in this program for two reasons: (1) Vigroux
has performed the only detailed set of measurements which yield
the temperature dependence of the ozone coefficients; thus, the
ozone absorption coefficients which should be used in measuring
atmospheric ozone (-40° to -50°C) have been derive&osfrOm the
temperature-dependence data given by Vigroux, and (2) the wavelengths
used in the Dobson spectrophotometer technique are in the region
between 3055 and 33988. This region is characterized by a cbmplex
vibrational structure (see Fig. 3-3, lower curve) which has not
been completely analyzed , and which would understandably cause
4difficu1ty due to the temperature dependence of the absorption
profile. The absorption band at wavelengths shorter than 3055&

is truly diffuse and its profile would not exhibit strong fluctua-
tions with changes in temperature. In the passive technique being
recommended in this report, measurements in the 3055-3400R region
will also be required in addition to measurements in the diffuse

portion of the band (see Section 6).

The temperature dependence will be taken into account by using the
aforementioned values of the coefficients which correspond to the
low atmospheric temperatures and/or by selecting wavelengths within
the band structure for which there is little or no temperature
dependence%06The order of magnitude as well as the reliability of
the absorption coefficient values have been the primary considera-
tions in the choice of wavelength to be used in the proposed optical
techniques for ozone measurement. This will be seen in the dis-

cussions in Section 6,
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3.2.3 INFRARED ABSORPTION COEFFICIENTS

Figure 3-4 is reproduced from a publication by J. Strongl07

who

has suggested that this band be used to measure atmospheric pressure
simultaneously with ozone content (see subsection 5.1.3). The band
is associated with the 1043 cm-1 fundamental vibration and, as is
seen in the figure, it occurs in a region that is relatively free

of absorption by other atmospheric constituents.

As a result of the detailed experimental measurements and the the-
oretical calculations by Clough and Kneizy%o? the 9.6 micron absorp-
tion band can be considered to be completely analyzed. A complete
vibrational-rotational analysis, which includes the effect of
Coriolis coupling and a second-order distortion interaction, has
allowed the contribution that each vibrational transition (v1 and
V3) makes to the 9.6 micron absorption band to be evaluated as a
function of wavelength. Figure 3-5 shows this band in greater detail.
The portion of the spectrum appearing in the figure shows the agree-
ment obtained between measured and computed values. Since the
integrated absorption of the band has been previously calculated

by Walshu}oa the intensities in both bands (v1 and v3) can be
expressed in absolute units. Thus, a set of reliable absorption
coefficients is available for use in any optical technique utilizing
the 9.6 micron absorption band, whether it involves discrete line

absorption or integrated absorption,
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SECTION 4

METHODS OF ATMOSPHERIC OZONE MEASUREMENTS (NON-SATELLITE TECHNIQUES)

Since the ozone layer was discovered138 in 1913, a great variety
of optical techniques have been employed to measure both the total
ozone content and its vertical distribution. The total content
can be determined from the ground rather easily by using the sun
as a source for the absorption measurements. The vertical distri-
bution can likewise be measured from the ground by means of the

so-called "Umkehr" effect,153-156 but this method suffers

due to poor accuracy. Paetzold 157-163 performed a number of
measurements by the method of using eclipses of the moon, but
measurements can be made by this technique only when the moon is
in a favorable position with respect to the sun and an observer

on the earth. More recent techniques which have been used include
the method of balloon ascents, airplane and V-2 rocket spectro-
scopy, and satellite reflection spectrometry. These methods are
all limited in scope since they allow measurements over only
limited ranges of altitudes. Furthermore, in common with most

techniques which have been used, these methods can be used only

over a limited number of geographic locations at any given time.

In addition to the optical methods, various chemical methods have
been developed which yield excellent data concerning vertical
ozone distribution above individual g;ound stations. Subsection
9.5 of this report consists of a list of references to articles

which deal with methods of measuring the total atmospheric ozone
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content as well as its vertical distribution. These methods range
from such early methods as the method employing lunar eclipses to
the more recent techniques involving satellites, rockets, balloons

and airplanes.

Details of these techniques will not be discussed here, an ex-
cellent review having been presented recently by Craig3. It
suffices at this point to note that an impressive number of detailed
descriptions of optical ozone measuring techniques appear in the

referenced articles, from which valuable information can be drawn.

For example, the Gotz or Umkehr technique 1is of interest not
because of its accuracy, which is, in fact, poor as it pertains to
vertical distribution determinations, pbut because it has been ex-
haustively refined by Dobson and other workers. In the process

of improving the technique, many factors, such as ozone absorption
coefficients, wavelengths to be monitored, slit widths and design
of the measuring spectrophotometer, etc., were carefully analyzed
by these workers. Since these factors also must be considered in
the present program, advantageous use can be made of the knowledge
that has been gathered as a result of the above previous efforts.
Therefore, the Gotz technique, as well as other techniques that
are represented in the list of references in Subsection 9.5, will
continue to be analyzed in order to help evaluate critical para-
meters that need to be specified in the techniques under investi-

gation in this program.

A chemical technique of particular interest is the chemiluminescent
method developed by Regene}§6'This technique makes use of the

chemi luminescent reaction of ozone with a disc sensor coated with
silica gel and an organic dye, Rhodamin B. The ozone concentration

is determined by measuring the light energy released by the reaction.
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Due to the extremely rapid response of the device to changes in
ozone concentration, very high resolution measurements are made by
this technique. The ozonesonde and the conventional radiosonde
are flown together in sounding balloons and the ozone signal is
telemetered to a ground receiver along with data on temperature,
pressure, and humidity. It is with this technique that Hering

and co-workers obtained the data at the 12 ozonesonde stations,

as discussed in Subsection 2.3.3.3 of this report. This technique
is of interest since it is probably the most reliable and well
developed technique for taking ozone measurements over a single
ground station. Since it is independent of optical techniques,

it would appear to be the ideal supplementary technique which
could be used as a crosscheck to the advanced concepts which are
being evaluated in the current program. That is, once an orbiting
satellite is making ozone measurements, ozonesonde balloons could
be used at isolated geographical locations for independent measure-
ments of vertical ozone distributions. The results of the two
methods could then be directly compared. A system of ozonesonde
stations that could compile as much data as a single orbiting
satellite would, of course, be highly impractical, if not im-
possible, to establish.
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SECTION 5

ADVANCED CONCEPTUAL METHODS OF OZONE MEASUREMENTS
FROM ORBITING SATELLITES

The literature search performed during this program effort has turned
up an impressive amount of information relating to the use of optical
techniques in the measurement of atmospheric ozone content. A variety
of techniques which apply to the measurement of both the total ozone
content and its vertical distribution have been critically examined

and evaluated.

This survey has shown that there are a number of optical techniques
for ozone measurement which could be used in conjunction with an
orbiting satellite. These would be essentially independent and
supplementary techniques, and it may prove desirable to iastrument
one satellite to perform the measurements by two or three of these

techniques simultaneously.

The techniques which have been considered can be classified as being
either passive or active methcds. The former involve measurements
made of the radiation emitted by a natural source, such as the sun,

or by the atmospheric ozone itself. The latter rely on the use of
radiation provided by a man-made source, such as a laser, which may
either be a ground-based or satellite-borne instrument. The following
paragraphs describe briefly the optical ozone-measuring methods

which merit consideration for a satellite application.
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5.1 PASSIVE TECHNIQUES

The two passive techniques that are seriously being considered for
recommendation are (1) the determination of vertical ozone content

by a measurement of the differential attenuation of solar radiation
which traverses the earth's atmosphere, and (2) the determination of
vertical ozone content by analysis and the infrared radiation emitted
by the atmospheric ozone. The theoretical principles for both of
these techniques have been well developed and a limited amount of
observational data has been acquired which confirms the essential

correctness of both methods.

5.1.1 DIFFERENTIAL ATTENUATION OF SOLAR RADIATION

This technique depends on viewing the solar rays after they pass
tangentially through the earth's atmosphere. The satellite-borne
detector monitors the intensities at a number of wavelengths for
different geometrical ray paths and the vertical distribution can

be deduced from straightforward physical and geometrical considera-
tions. This method involves the use of visible and near ultraviolet

radiation, as is described in detail in Section 6.

5.1.2 INFRARED EMISSION BY ATMOSPHERIC OZONE

This technique utilizes infrared radiation which is emitted by the
ozone molecule and is analogous to a method which has been used to

deduce vertical resolution from ground-based measurementsl.‘s’165’166’167

5.2 ACTIVE TECHNIQUES WITH OPTICAL PROBES

The use of active probes represents a new concept in ozone measure-
meats principally because such probes have become feasible only since

the development of the laser and since it has become possible to
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consider the use of a satellite as a transmitting or receiving
station. A program of measurements incorporating active probes would
offer many advantages including the fact that it would not depend

on the position of the sun with respect to the satellite position.
It would also be capable of operation during either day or night,
thus providing valuable information concerning diurnal variations

of the vertical ozone distribution. Such information would be of
value in clarifying the role of ozone in atmospheric processes,
including horizontal and vertical air transport mechanisms. An
active probe technique would be expected to provide at least as much
information concerning the vertical distribution of ozone as any

of the passive techniques under investigation.

The methods discussed here depend on the availability of high-power
laser radiation at wavelengths which can be utilized in the determina-
tion of atmospheric ozone. At present, the class of laser most likely
to fulfill this need is the so-called Raman laser. This name 1is
derived from the fact that laser-like radiation, i.e., highly intense,
pulsed, coherent, monochromatic, and directional radiation, can be
produced at a variety of wavelengths by the phenomenon known as
stimulated Raman scattering. The production of Raman lasers requires
the use of a high intensity, pulsed primary laser such as the ruby

or neodymium laser (6943u and 1.06u, respectively) or the use

of second harmonic laser radiation at 34718 or 3003, respectively.

U

5.2.1 SATELLITE-BORNE RAMAN LASERS, SATELLITE-BORNE DETECTORS

A Raman laser aboard a spacecraft could be used to provide a source
for ozone measurement by absorption techniques. As such, the laser
radiation would be a substitute for solar radiation in the first
passive technique discussed above if used in a two-satellite configura-

tion. Much more versatility would result by using a laser source,
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however, since such a technique would not suffer from geometrical
restriction inherent in using solar radiation. The laser source
could also be used in a single satellite configuration to measure
the ozone content by the well known technique based on back scattering

of UV radiation by air molecu1e5,168-171

5.2.2 GROUND-BASED RAMAN LASERS, SATELLITE-BORNE DETECTORS

This technique essentially reverses the role of emission source and
detector in the ground-based method which determines total ozone
content by measuring the attenuation of solar radiation at different
incident zenith angles. The use of a laser source again eliminates
geometrical limitations which are imposed when the sun is used as

a source for absorption measurements.

5.3 SELECTION OF SATELLITE METHODS FOR OZONE MEASUREMENTS

As a result of the survey and preliminary evaluation of optical
techniques performed during the first year of this program, two
optical techniques have been chosen for detailed analysis. Although
others may be seriously considered in later phases of the program,
it has been decided to concentrate for the present on one active

and one passive technique which both appear to be well within the
state of the art. The two techniques are complementary with respect
to the type of information they yield. The principal on-board
instrumentation requirements for both techniques would be spectral
filtering devices and photomultiplier detectors., It is felt that the
two types of measurements would be compatible from the point of view
of instrumentation on a single satellite, and would allow the atmos-
pheric ozone content to be measured with both high horizontal and

vertical resolution.
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Progress has been made in demonstrating the feasibility of both of
these techniques. This progress is reviewed in Sections 6 and 7

of this report.
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SECTION 6

OZONE DETERMINATION BY THE METHOD OF DIFFERENTIAL
ATTENUATION OF SOLAR RADIATION

With the development of instrumented satellites, exploratory measure-
ments of ozone profiles over a number of locations have been made172’173
by the method referred to herein as the differential attenuation of
solar radiation. However, the spectral and spatial resolutions which
characterize these measurements do not begin to approach the ultimate

in the state-of-the-art for satellite-borne instrumentation. The
discussions appearing in this section are intended to illustrate the
extent to which this method can be improved upon by refining the

measurement and data reduction aspects in a satellite application.

The underlying principles of this technique were also used by
Venkateswaran, et a1174, to determine the vertical distribution of
ozone with the aid of the Echo communications satellite, 1960 Iota I.
However, whereas these investigators performed ground-based measure-
ments of solar radiation reflected by the satellite, the technique
described here would involve direct measurements of the solar radiation
by an instrument aboard a satellite. Several advantages result from
the ability to make direct measurements, including increased sensi-
tivity, resolution, and accuracy. Furthermore, depending on the type

of orbit, measurements can be made over a selected number of locations

around the world on a quasicontinuous basis.

Certain features of the problem, such as the need to correct for

the refraction of solar rays by the earth's atmosphere, and the de-
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parture of the sun's surface from a point source, while discussed
here, will not be treated fully until the subsequent year's effort.
The emphasis in the discussion below will be on demonstrating the

feasibility and efficiency of the method.

6.1 OQOPTICAL PRINCIPLES OF THE DIFFERENTIAL ATTENUATION TECHNIQUE

The principles involved can be illustrated by reference to Fig. 6-1.
Measurements of solar radiation intensities are taken when the sun's
rays are passing tangentially through the earth's atmosphere and the
instantaneous position of the satellite is at Si (during orbital
sunrise or sunset). For purposes of illustration, a satellite alti-
tude of 1000 km is shown in the figure, but the technique is valid
for a wide range of altitudes. The atmosphere, which is considerably
exaggerated in the figure, is divided into a number of shells above
the sunset or sunrise point, Su, and below a height hl' In the
example shown, a model with ten shells, each of 10 km thickness, has
been adopted. In principle, any number of shells can be assumed,
although a practical limitation will be imposed by the rate at which
the satellite-borne instrument can make measurements at the wave-
length bands of interest. It can be seen from the discussion below
that the greater the number of measurements per sequence, the greater
the accuracy with which the vertical distribution can be defined. In
the calculations presented later in this section, the model adopted
contains 80 spherical shells each of 1 km thickness. Preliminary
orbital, detector, and optical analyses indicate that this does not
represent an unrealistic rate of measurement taking. The first shell
(highest altitude) is bounded by the altitudes h1 and h2 (which in
the example of Fig. 6-1 take the values of 100 and 90 km, respectively).
Similarly, the ith shell is bounded by the altitudes, hi and hi+1'
The satellite can selectively view a ray which, at the local sunset
point Su, passes only through the ith shell. This ray is referred to

as Ri and the distance that it traverses in the ith layer is denoted
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by a,.. However, in passing through the entire atmosphere any ray,

ii
other than Rl’ will traverse a certain distance, a; s through the jth
layer where j =1, 2, ..., i-1. The values of a, and aij can be

determined by geometrical considerations.

The degree of attenuation of any solar ray passing through a tangential
path in the atmosphere will depend upon the wavelength and upon the
number of absorbing and scattering molecules encountered. The assumpt-
ion is made that the only significant absorption in the visible and
near UV spectral regions is due to molecular ozone, an assumption

that is certainly well justified. The Rayleigh scattering can be
eagily accounted for. The wavelength dependence is, of course, due

to the variation with wavelength of the absorption coefficient, or
cross section per molecule, of ozone, and the Rayleigh scattering
cross-section of air molecules. The number of ozone and air molecules
encountered by any tangential solar ray can, for purposes of illustra-
tion, be estimated from some adopted model of vertical atmospheric
ozone distribution. This has been done for the calculations des-
cribed in Section 6.2. The motion of the satellite serves as a
scanning motion by means of which the attenuation through different
atmospheric thicknesses is determined for each wavelength being moni-
tored. The absolute intensities of the solar rays can be determined
by direct measurement from a position in which the earth's atmosphere
does not intervene. A measure of the differential attenuation is thus
obtained for different paths through the earth's atmosphere. Data
taken in this manner can be inverted by straightforward computer

techniques to yield a vertical profile of the ozone and air distributions.

6.2 DETERMINATION OF MOLECULAR THICKNESSES

As mentioned above, the satellite is allowed to view the solar radi-

ation which passes tangentially through the earth's atmosphere. The
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finite size of the sun(which means that it cannot be considered as

a point source) and atmospheric refraction are complications which will
be discussed in subsequent subsection. For the present, it can be
assumed that at any instant, in this portion of its orbit, the satel-
lite views a single ray which passes without refraction at some uniquely
defined altitude above the sunset point, Su' This altitude, which can
be determined from a knowledge of the orbital parameters, is denoted

by hii' (The altitude above Su at which the ith ray passes through

the center of the ith atmospheric shell.)

The absolute intensity of the solar radiation, as measured by a
satellite-borne detector, will depend on (a) the intensity of solar
radiation in the wavelength band being monitored, and (b) the total
optical thickness of the earth's atmosphere for the ith ray at the
wavelength being monitored. The total optical thickness, T, is
.defined here as the exponential factor relating the intensity, I(}),
transmitted by the earth's atmosphere to the incident intensity,

Io A, i.e.,

-
L (lj) =1 (lj)e i (6-1)

In equation (6-1) the subscript i is used to emphasize the fact that
the optical thickness, and therefore the transmitted intensity, will
depend on the particular ray path through the atmosphere
script j is used to indicate that more than one wavelength will be

monitored, for reasons to be discussed below.

The optical thickness for any ray of a given wavelength will be
determined by the total number of attenuating molecules in the ray's
path through the atmosphere. In the wavelength regions which will be
used, the only important attenuation mechanisms are Rayleigh scattering

by air molecules (N2 and 02) and molecular absorption by ozone. For
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a given length traversed by a ray at a known altitude, the optical
thickness will depend on the prevailing vertical distribution of
these attenuating particles. The latter is known to be a variable
property of the atmosphere, especially in the case of ozone. The
following model vertical distributions of ozone and air therefore,
have been adopted for this calculation. The ozone model adopted was

the so-called average distribution given by the USAF Handbook of

Geophysics, Ch. 8 (1961); the air distribution was taken from the
work of Minzner, et. al. (AFCRC-TR-59-267, 1959.) For practical
reasons, the earth's atmosphere is considered to consist of 80 con-
centric shells of one kilometer thickness each (instead of the ten
shells shown in Fig. 6-1), and the air and ozone concentrations are
assumed to be uniform within each shell. It is also assumed that the
satellite can view a ray which passes through the center of each
shell above the sunset point, a total of 80 such rays being monitored.
(Ray number one is that ray which passes through the outermost, or
first, shell at an altitude of 79.5 km above Su’ and the remaining
rays and shells are numbered in increasing sequence as the altitude
at which each ray passes above the sunset point decreases.) The
distance that any ray traverses in each individual shell can be de-

termined through simple geometry. These traversal lengths, a . , were

determined with the aid of a computer program. This program,iihich

will be referred to herein simply as OZONE, is completely flexible

with respect to the number of shells and the vertical distribution

of particles that can be incorporated into the computation. By
weighting each length first by the ozone concentration and then by the
air density appropriate to that altitude, the ozone and air thicknesses
of each traverse length were determined. The total number of ozone

and air molecules encountered by any ray in traversing the entire

atmosphere is then simply obtained by summing all of the weighted

traverse lengths for that ray.
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The results of these computations are summarized in Table 6-1. The
first two columns define the ray and sunset point altitude, while
the third lists the local values of the air densities which were
used. The total number of air and ozone molecules that would be
encountered by each ray, with the assumed distributions, are listed
in the last two columns. (In these latter columns the letter E de-

notes the exponent or power of the number 10.)

In the following subsection, a review is given of the manner in which
the total molecular thicknesses for each ray are obtained from solar
radiation attenuation measurements. Once the molecular thickness for
each ray is known, the vertical profile can be computed with the aid
of a program which is essentially the inverse of the OZONE program
referred to above. This inverse program, or INVOZONE, has been sat-
isfactorily prepared and used in sample computations. It will be
modified for future analyses in order to determine the accuracy with
which this passive measurement method can reproduce a variety of
ozone profiles. This will be done by introducing uncertainties into
the total molecular thickness values which reflect errors inherent in
the intensity measurements and uncertainties in the ozone cross-

section values.

6.3 OPTICAL THICKNESS DETERMINATIONS AND SELECTION OF WAVELENGTHS

Since both the Rayleigh scattering cross-sections for air molecules
and the absorption cross-section for ozone vary with wavelength, a
given molecular thickness represents a range of optical thicknesses.
In this subsection results of optical thickness calculations will be
presented. In addition, the manner in which these results help define

the wavelengths that should be monitored will be discussed.

The measured quantity, from which the optical thickness of the atmos-

phere for a given ray is deduced, is the intensity ratio I, (Aj)/Io()j).
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TABLE 6-1

TOTAL MOLECULAR THICKNESSES FOR RAYS 1 - 80

Altitude
g G

79.
78.
77.

76

71

66.
65.
64 . ¢
63.
62.
6l.
bl
59.
58.°
57.

50
50
50

.50
75.
74
73.
72.

50
50
50
50

.50
70.
69.
68 .
67.5

50

Molecular Thickness

air(goé:CUIQS) (Entire Ray)
Air Ozone
4.811 El4 7.7281 E21 2.803 EI15
5.703 El4 1.4818 E22 3.480 E15
6.7133 El4 2.1415 E22 4.341 El5
7.916 El4 2.8413 E22 5.432 El5
9.275 El4 3.6142 E22 6.814 E15
1.082 EL15 4.4808 E22 8.551 E15
1.259 E15 5.4614 E22 1.073 E16
1.459 El5 6.5724 E22 1.347 E1l6
1.686 E15 7.8333 E22 1.693 El6
1.942 E15 9.2629 E22 2.129 El6
2.230 E15 1.0882 E23 2.678 El6
2.554 ElS 1.2713 E23 3.368 El6
2.917 ELS 1.4781 E23 4.238 El6
3.324 E15 1.7097 E23 5.334 E1l6
3.771 EL5 1.9724 E23 6.722 E1l6
4.282 E15 2.2672 E23 8.462 E16
4.843 EL15 2.5973 E23 1.064 E17
5.466 ELS 2.9665 E23 1.338 E17
6.156 EL1S 3.3787 E23 1.688 El7
6.918 ELS 3.8380 E23 2.120 El7
7.760 ELS 4.3491 EZ3 2.669 E17
8.687 ELS 4.9166 E23 3.330 E17
9.706 E15 5.5457 E23 4,135 EI18

62




TABLE 6-1

TOTAL MOLECULAR THICKNESSES FOR RAYS 1 - 80 (contd)

Ray(i)
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

46
47
48
49
50
51
52

7087-1IR-1

Altitude
h, . (km)
11

56.
55.
54.
53.
.50

57

51.
50.
49,
48.
47.
AN
45.
44 .
43.
42.
41.
40.
39.
38.
37.
36.
35.
34.
33.
32.
31.
30.
39.
28.

50
50)
50
50

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

Molecular Thickness

fair(ﬂoi;cules)' (Entire Ray)
Air Ozone
1.083 El6 6.2426 E23 5.129 E18
1.205 E16 7.0113 E23 6.280 E18
1.340 El6 7.8606 E23 7.717 E18
1.487 E16 8.7962 E23 9.494 E18
1.673 E16 9.8661 E23 1.168 E18
1.884 E16 1.1084 Ez4 1.438 E18
2.122 El6 1.2463 E24 1.769 E18
2.388 E16 1.4016 E24 2.176 E18
2.694 E1l6 1.5777 E24 2.678 E18
3.028 El6 1.7751 E24 3.294 E18
3.447 E16 2.0036 E24 4.053 E18
3.933 El6 2.2677 E24 4.984 E18
4.482 E16 2.5702 E24 6.132 E18
5.140 E16 2.9212 E24 7.549 E18
5.886 El6 3.3251 E24 9.288 E18
6.750 El6 3.7903 E24 1.142 E19
7.758 E16 4.3283 E24 1.405 E19
8.936 Elé 4.9519 E24 1.728 EI19
1.030 El7 5.6741 E24 2.145 E19
1.190 ELl7 6.5131 E24 2.674 E19
1.375 El7 7.4861 E24 3,343 E19
1.594 E17 8.6211 E24 5.188 E19
1.797 E1l7 9.8602 E24 5.252 EI19
2.153 E1l7 1.1433 E25 6.532 EI19
2.508 El7 1.3268 E25 7.966 E19
2.924 El7 1.5399 E25 9.598 E19
3.432 ELl7 1.7922 E25 1.157 E20
4.014 E17 2.0875 E25 1.334 E20
4.722 E1l7 2.4374 E25 1,498 E20
63



TOTAL MOLECULAR THICKNESSES FOR RAYS 1 - 80 (contd)

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
17
78
79
80

7087-1R-1

Altitude

N w &N 0 e

—~
[

.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50

TABLE 6-1

5.
6.573
7.696
9.
1
1

1

[ Ve B I Y V. B S I " B G R R N R

ot gt et e

NN e e

. . ,Molecules
rair( om

564

339

.069
. 248
456
.710
.000
.339
.737
.201
.745
.382
.126
.998
.019
.082
.145
.031
.159
. 299
451
.616
.796
.991
.201
<427

E17
EL7
E17
EL7
E18
E18
E18
E18
E18
E18
E18
E18
E18
E18
E18
E18
E18
E18
E18
E19
E19
E19
E19
E19
E19
E19
E19
E19

64

Molecular Thickness
(Entire Ray)

Air Ozone
2.8522 E25 1.658 E20
3.3453 E25 1.819 E20
3.9188 E25 1.970 E20
4.6402 E25 2.114 E20
5.4305 E25 2.132 E20
6.3479 E25 2.058 E20
7.4188 E25 1.971 E20
8.6849 E25 1.875 E20
1.0164 E26 1.780 E20
1.1892 E26 1.669 E20
1.3913 E26 1.563 E20
1.6276 E26 1.470 E20
1.9041 E26 1.389 E20
2.2276 E26 1.320 E20
2.6059 E26 1.264 E20
3.0486 E26 1.219 E20
3.5668 E26 1.179 E20
4.1521 E26 1.143 E20
4.7927 E26 1.112 E20
5.4980 E26 1.083 E20
6.2775 E26 1.058 E20
7.1386 E26 1.034 E20
8.0872 E26 1.013 EZ20
9.1297 E26 9.925 EI19
1.1283 E27 9.740 EI19
1.2603 E27 9.567 E19
1.3320 E27 9.405 EI19
1.3727 E27 9.254 E19




For present considerations, it is assumed that when the transmitted

intensity falls within the range

0.05 Io(kj)S_Ii(lj) < 0.95 Io(lj) (6-2)

the intensity ratio can be measured with sufficient accuracy to de-
termine the optical thickness, Ty (lj). (A more exact range of inten-
sity ratios will be specified upon the completion of a detector sensi-
tivity, and signal-to-noise analysis which is discussed in Section 6.6.)
The criterion described by the above inequality, when used in con-
junction with the data in Table 6-1, serves to define the wavelengths
that can be usefully monitored. This can be illustrated by evaluating
the optical thickness for the 29008 component of various rays passing

through the earth's atmosphere.

Table 6-2 summarizes the air and ozone molecular thicknesses, for

rays number 12 through 31, as well as the contributions to the optical
thickness by each type of molecule. The optical thickness of air is
the product of the molecular thickness and B, the Rayleigh scattering
cross-section per molecule, (B(29OOX) = 5,763 x 10-26 cmz.) The ozone
optical thickness is the product of the total ozone molecular'thick-
ness and the absorption cross-section 0(0(29003) = 1.196 x 10‘18 cmz).

The sum of these two products, 71, or the total optical thickness,

gives a measure of the attenuatitn of the 29OOX component of the ith
ray, i.e., as in equation 6-1. The range of values of T, which

anpears in Table 6-2 ensure that the inequality of equation 6-2 is
satisfied for the rays 12 through 31. For rays 1 through 11, the
transmitted intensity at 29OOX would be greater than 9% of the incident
intensity and hence would not be suitable for measuring the optical
(and therefore the molecular) thicknesses. For rays 32 through 80,

the attenuation rapidly increases and little or no radiation would

be transmitted. Thus, it is seen that monitoring solar radiation at

29008 could provide useful data only for the rays shown in Table 6-2
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-(at least for the ozone and air distributions which were used in

this sample calculation.) More generally, it can be shown that any
wavelength that is monitored will provide useful data for a limited
number of rays. The reason for this can be seen by examining the
range of values of molecular ozone thicknesses appearing in Table 6-1.
> to about 1020,

and since the desired optical thickness is of the order of unity,

Since these values vary in magnitude from about 101

wavelengths should be chosen such that the ozone absorption cross-

sections vary in magnitude by about four or five orders of magni tude.

The ozone absorption cross-sections in the visible and UV spectral

21

regions do in fact vary from about 4 x 10 cm2 at 60008 to about

1 x 1617

cm2 at 26008. When the Rayleigh scattering attenuation is
also taken into account, it can be shown that a wavelength can always
be found such that values of Ti()) which are consistent with the
criterion expressed by equation (6-2) will be obtained for rays passing
as high as 76.5 km above Su. It can further be shown that only a
limited number of wavelengths are required for measuring the optical
thicknesses of all of the rays shown in Table 6-1. One such possible
set of wavelengths is listed in Table 6-3, together with the ozone
absorption cross-sections per molecule and the Rayleigh scattering

cross-sections for air molecules.

The wavelengths listed in the above table constitute a representative
set. The final selection will take into account such factors as the
possible presence of Fraunhofer lines in the solar spectrum, the
possible presence of absorption or emission by other atmospheric
constituents such as atmospheric sodium or nitric oxide, etc. De-
tector system requirements and limitations will also have to be

considered.

In addition to the need for monitoring different wavelengths because

of the spectral dependence of the optical thickness, T it is required
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TABLE 6-3

ATTENUATION CROSS-SECTTONS

_&L&)_ A(A), Ozone(cmf) B(N), Air(cmzl
2600 1.0136 x 10”7 8.922 x 10728
2700 6.873 X 10718 7.674 % 10726
2800 3.405 x 10718 6.640 X 10728
2900 1.196 x 1078 5.763 x 10728
3000 3.192 x 10717 5.034 x 10728
3050 1.604 x 10717 5.380 x 10°2°
3100 9.267 x 10°2° 5.739 X 10726
4800 0.900 x 10”2} 7.682 x 10”7
6000 4.355 x 10721 3.147 x 10°%
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that two wavelengths be monitored at each instant in order to separate
the two individual contributions to the total attenuation. This can

bee seen by considering the following two equations:

Lo =10 N; (03)00r )N (air) PG ) (6-3)

I.G.) I0 )e’ Ni(03)0(}\2)+Ni(alr)B(Xz) (6-4)

iv2 o2

In equations (6-3) and (6-4), N.(03) and Ni (air) represent, respectively,
i :

the total number of ozone and air molecules, per unit cross-sectional

area, encountered by the ith ray in its path through the atmosphere.

If it is assumed that the c(kj) and B(xj) are known exactly, then
equations (6-3) and (6-~4) can be solved for the two unknowns, Ni(03)
and Ni(air). Thus, two wavelengths, for which the inequality of

equation (6-2) are simultaneously satisfied, must be monitored for

each ray.

Table 6-4 shows that if 2900% is one of the wavelengths monitored for
the rays 12 through 31, the second wavelength could be at 28008 for
some of these rays and/or at 30008 for others. The table also
illustrates that with each of three wavelengths chosen, 28002, 29002,
and 30008, measurable attenuations would result for rays 17 through 26.
Thus, the possibility existé of obtaining two independent measurements
of the air and ozone profiles through the altitude range represented
by these rays. This is shown in a more general way in Fig. 6-2 for .
twelve visible and UV wavelengths. This figure graphically shows

that measurable attenuations will result at two or more wavelengths

for any tangential ray path through the atmosphere passing as high as
70-75 km above Su'
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TOTAL OPTICAL THICKNESS AND TRANSMISSION

Altitude
Ray (1) _(km)
31 49 .50
30 50.50
29 51.50
28 52.50
27 53.50
26 54.50
25 55.50
24 56.50
23 57.50
22 58.50
21 59.50
20 60.50
19 61.50
18 62.50
17 63.50
16 64 .50
15 65.50
14 66.50
13 67.50
12 68.50
7087-IR-1

O O O O O O Cc o C =

o~
<

TABLE 6-4

(28008)

A

S C O C

—
fe)

Cc O O O O O O o O O

05
05
.05
.05
.05
.069
.112
.167
.236
.311
.388
470
. 547
.618
.681
.735
.782
.824
.847
.884

cC Cc O 0O 0O 0 0o c O O L O C O o~ oo

70

(29008)

. 6833
.1863
.7834
.4538
.1863
.9863
L7914
. 6495
4978
.4266
L3443
.2757
.2210
1772
.1423
.1143
.0918
.0737
.0592
L0476

—
~

cC © O 0O O OO © 0O o o o ¢ O o o ¢ C© C

T
.068
.113

.168
.234

.305

373

.453

.522
. 608

.653
.709

.759

.802
.838

.867
.892

.912

.929
.943
.954

CcC O O 0O O O O Cc o o o C©c ¢ o cC

(30008)

T T
.7653  0.465
.6272  0.534
.5147 0.598
4225 0.655
3424 0.710
.2859  0.751
.2357  0.790
.1951 0.823
.1599  0.852
.1311  0.877
.1071  0.898
.0835 0.920
.0708 0.932
.0576  0.944
.0471  0.954

>.96

>.96

>.96

>.96

>.96
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The above discussion serves to describe the type of analyses which
have been undertaken in connection with the method of differential
attenuation of solar radiation. In addition to the selection of
wavelengths, other aspects under investigation are: (1) an estimate
of the accuracy of the technique which takes into account both the
inherent uncertainty in the values of the pertinent cross-sections

and the accuracy with which the intensity ratios Ii(lj)/Io(Xj) can

be measured, (2) the number of rays which can reasonably be expected
to be measured during a satellite's passage through the sunset and
sunrise portions of its orbit, (3) the amount of global coverage

that would result from the implementation of such a measurement
technique aboard an orbiting satellite. The coverage to be defined
will include the number of locations above which the vertical ozone
profile would be determined during one day, and the frequency at which
such measurements would be made above any given location (4) the
analytical techniques which will allow the vertical ozone distribution
to be deduced from a measurement of the intensity ratios Ii(kj)/Io(Xj)-
This involves essentially the simultaneous solution of n equations

of the type represented by equations (6-3) and (6-4) where n is the
number of rays at which the intensity ratio measurements are taken.
(The n unknowns are the contributions to Ni(03) and Ni(air) made by
the n spherical shells for each of the n rays.) This analysis will

be performed with the aid of the modified INVOZONE computer program,
(5) the complications introduced by the finite size of the su% and

by atmospheric refraction are being analyzed, (6) instrument design
studies based on the wavelength selection considerations have been

initiated. These aspects are discussed in the following subsections.

6.4 IMPLICATIONS OF THE DEVIATION OF THE SOLAR DISC FROM A POINT SOURCE

The fact that the sun cannot be treated as a point source in the applic-

cation described above has previously been considered to be an inherent
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limitation of this measurement technique172’173’174.

However, an in-
vestigation of the problem indicates that the opposite may be true.
Rather than representing a limitation, the finite size of the sun's image
may be used to advantage due to the fact that the image represents a
large number of point (or line) sources with different paths through the
atmosphere. The extent of this variation in paths can be appreciated

by reference to Fig. 6-3. The position of this satellite is represented
by the point B in this figure, and is assumed to be at some known alti-
tude hs. The extreme rays of the sun are represented by the paths D1H1
and QP. The range of altitudes, Ah, directly above the sunset point
which is defined by these extreme rays is represented by the line
segment K1K3. For simplicity, the earth's atmosphere is divided into
3 shells only.

The solar radius, R, from center to 1limb is known to be equal to
6.957 (+ .001) X 10S km. The distance from the earth to the sun,
approximately equal to A.U., the astronomical unit, is taken as
1.4953 X 108 km. Therefore, the sun, as observed by a satellite at a
distance AB from a location directly above the sunset point,is not a

point source but a disc which subtends an angle o at the satellite, where

R R_ . 6.957X10°
A.U.+A B ™ A.U. 1.495 X 108

3

sin(a/2) = = 4.653X10

(1/2 ~ 16'
a=(31+33) ~ 32' , for AB << A.U.

This represents a vertical range described by the extreme rays of the

sun above the sunset point of Ah:

Ah = 2A B (4.65X10  )km = 9.30X10 > A B km.
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Taking the earth's radius as 6375 km, and for a satellite orbital alti-

tude of hS, the following relationship between hS and Ah results.

]
- 2 '
Ah = 9.30 X 10 3 [(6375 +h )" - (6405)2} 1/2 km.

The altitude range above the sunset pcint defined by the extreme

rays are shown in Table 6-5 for a number of orbital altitudes.

TABLE 6-5
hs (km) Ah (km)
200 13.8
400 20.5
600 25.7
800 30.1
1000 3.0
1500 42.6

It can be seen that for any anticipated satellite altitude, the range
of altitudes Ah is large with respect to even the coarsest spatial
resolution requirements. The analyses of the preceding subsections,
on the other hand, are essentially valid only if the tangential or
central ray B61G3 is used for the measurement of solar intensities.
However, this represents no insurmountable obstacle since optics can
be designed which select only a slice of the solar image whose path
through the atmosphere approximates that of the central ray. The in-
tensity of solar radiation can be shown to be such that a reduction
of 20 or 30 due image-slicing can be tolerated. That is, the large
signal-to-noise ratios will still be obtained if photomultiplier detect-~

ion techniques are used.
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However, rather than being limited to the selection of the central ray,
a variety of rays could be optically isolated or the entire solar disc
could be scanned for any instantaneous position of the satellite.

That is, superimposed upon the scanning provided by motion of the
satellite a supplementary scanning of the solar disc can be obtained
optically. Since this ozone measuring technique is self-calibrating
(i.e., the intensity of solar radiation from a segment of the solar disc
is measured first when the earth's atmosphere does not intervene and
then after it passes through a known path through the atmosphere), the
total number of ozone and air molecules can be measured for these
additional non-tangential, or slant, paths through the atmosphere. The
additional information obtained from these slant paths can be useful

in determining any significant departures from spherical symmetry in

the ozone concentrations in the individual shells.

This can be most easily shown by referring again to Fig. 6-3. The

ozone concentrations in the three shells could be determined by allow-
ing the satellite motion to scan the atmosphere, i.e., select the rays
passing through the centers of shells 1, 2, and 3 at three successive
satellite positions. This is essentially the technique which has been
described in detail in previous portions of this section. An alternate
approach would be to allow the satellite, when at the position B, to
view the three rays shown in the figure, the central ray, and the two
extreme rays. The traverse length of these rays in each shell can again
be determined from geometrical principles. This geometry exercise

will not be presented in detail here; the important results are:

1. If Bj is the angle that the jth ray makes with the central
ray, and hj is the distance of the central ray from the center
ofpthe earth, then the distance of the jth ray from the center

of the earth is given by
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bj = AB sinBj -(hJ/cosBj)(sin2 Bj -1), for rays above the

central ray and,

]

central ray. If angles for rays below the central ray are

b, = -AB sinBj - (hj/cosBj)(sinZBj -1), for rays below the

given a negative sign

h
. . 2 .
bj = AB s1n8j - :;gag (sin ﬂj-l), for all j.

2. I1f aji denotes the length that the jth ray traverses in
the ith shell, whose top boundary is at a distance c1 from

the earth's center, theg

12
1/2 a = c2 - b2 - ZJ a
ot epad?
3. The results obtained in this form can be used in INVOZONE,
with minor programming modifications, to yield the vertical

profile of the ozone concentrations.

Two essentially independent means of measuring the ozone profile by
the differential attenuation technique thus exist. They differ only
in the method of scanning the atmosphere. In actual practice, the

optimum technique will probably prove to be one which combines both

methods of scanning.

In the sample example discussed above, the vertical distribution con-
sists of three concentration values, one for each shell. If the con-
centration were, in fact, uniform within each shell, the two techniques
would yield exactly the same distributions. If different results were
obtained by the two methods, however, the assumption of spherical
symmetry would obviously be suspect. By comparing the exact paths of

each ray in the individual shells, an indication of the locations of
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anomalously high or low concentration regions within a shell could be
obtained. More information could be obtained by sampling more than just
three rays, say seven or eight, at one satellite position. Finally,

by performing an optical scan of the entire solar disc at a large number
of satellite positions, a high-resolution mapping of the vertical and

horizontal ozone distribution could in principle be obtained.

The actual number of rays that are measured in any given satellite
passage will, therefore,be determined, in the optimum case, by
detector, optical scanning, data recording, reduction, and telemetry
limitations. It nevertheless is evident that by exploiting the finite
size of the sun's image, the need for assuming spherically symmetric

atmospheric shells can in large part be eliminated.

6.5 THE ATMOSPHERIC DISPERSION PROBLEM

The subject of atmospheric refraction was for many years one of the

most widely studied problems in astronomy. Simon175

has recently
reviewed the problem, with emphasis on the wavelength dependence (at-
mospheric dispersion) of the refraction for rays which can be considered
to be near-tangential (zenith angles greater than 800). In earth-bound
observations of rays entering the earth's atmosphere from a direction
near the horizon, the violet light appears to come from a point nearer
the horizon than the red. This must be compensated for either in the
reduction of data or by some compensating optics, which exactly shift
the two wavelengths of interest by an amount equal to the atmospheric
dispersion, before the two wavelengths enter the slit of the recording
ingtrument. In either case, the correct magnitude of the atmospheric

dispersion must be known.

In addition to this dispersion problem, atmospheric refraction can

introduce two sources of error in the satellite application of the
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differential attenuation technique. For a given wavelength component
of a ray traversing the earth's atmosphere, refraction can, if not

properly accounted for, cause erroneous values to be assumed for:

1. The altitude at which the ray of interest passes above
the sunset point, and

2. the lengths traversed by the rays in the individual atmos-
pheric shells.

These problems have been analyzed by Venkateswaran, et. 31.174 who
show that the refraction effects can be corrected. Simon175 also
shows that the magnitude of the refraction as a fuaction of wavelength

can be computed to any reasonably desired accuracy.

The procedures described by these authors will be incorporated into

future analyses of the differential attenuation technique.
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6.6 OZONE SIGNAL DETECTION AND MEASUREMENT

Optical detection of attenuated UV and visible solar radiation, in
connection with the passive ozone measurement technique described in
previous subsections, is quite straightforward and capable of providing
high measurement accuracy and precision. In particular, accurate
measurements of ozone concentration are achievable since large optical
signals are obtained from viewing the solar flux directly after it

has been transmitted through the earth's atmosphere. Furthermore,
since the sun is the signal source and is viewed directly, the optical
receiver in the satellite can be designed to have a field of view
which is sufficiently small so that major sources of noise and measure-
ment errors are significantly reduced; and, in addition, the optical
receiver spectral bandwidth can be as narrow as practicable so that
spectral intensities can be measured with fine spectral resolution.
Still further, the available signal intensity and the satellite orbit
and measurement geometry are such that several wavelengths can be
scanned at modest rates and signals integrated over reasonable times

to ensure adequate measurement sensitivity and accuracy.

The subsections which follow contain quantitative discussions of signal
detection and factors that affect the measurement system sensitivity

and accuracy.
6.6.1 SIGNAL DETECTION

The magnitude of the solar flux that reaches the satellite when the
sun's rays are tangential to the earth's atmosphere depend upon the
azimuthal position of the satellite with respect‘to the earth, as was
shown in Fig. 6-1. The satellite is shown in a position that is
intermediate between the measurement positions of maximum and minimum

solar flux attenuation by the earth's atmosphere. As the satellite
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makes its transit through each tangential incremental altitude, the

sun is tracked and the spectral intensities at several selected UV

and optical wavelengths are measured sequentially. 1In this section

we derive an expression for the optical receiver system signal-to-noise
ratio (SNR), make certain assumptions about the system design, and

then evaluate the system performance.

The optical receiver is assumed to consist simply of an objective

lens, a field stop, selectable narrowband optical filters, and a
photodetector. The photodeteétor can be either the photoemissive

or solid-state type photodetector, which is sensitive over the spectral
region from about 0,25u to 0.65u. For the present we consider a
photoemissive detector which allows a wide dynamic signal detection
range. The overall performance of the optical receiver is determined

by the system SNR.

The solar flux on the photodetector produces a photocurrent which is
proportional to the intensity of the incident radiation, Ps’ given

by

I = —F (6-5)

detector quantum efficiency

where ﬂD

e

electronic charge

hv = energy per photon

The intensity of the solar radiation at the photodetector is given by

PS = TA.To AR AA HX (watts) (6-6)
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where Hk = sgolar spectral irradiance outside the earth's atmosphere
in watts/cm?/A

= gpectral bandwidth of optical filter
ob jective aperture

= optical system transmission

!I>._3 OH 75> >*'(>
I

= atmospheric transmittance function

Combining Eqs. 6-5 and 6-6 and assuming that a photomultiplier is used
with internal gain, GD’ the output signal voltage across the detector

load resistor, RL’ is given by

e T A G R H
gL ERL LY

T (6-7)

A
Equation 6-9 expresses the responsivity of the system; however, of

additional interest is the minimum detectable signal.

The signal voltage must exceed the noise voltage of the optical
receiver. TFor the case of the photomultiplier, assuming noiseless
multiplication, the noise of the detector load consists of shot noise
produced in the photodetection process and thermal noise produced by

the load resistor.

The optical system signal-to-noise ratio is expressed by

IS
SNR = (6-8)
J 2e I, Af + 4F T Af/GD R,
where It = IS + IBG + Id
IBG = photocurrent produced by background sources
Id = detector dark current
F = postdetection noise figure
k = Boltzmann's constant
T = temperature

Af = electronic bandwidth
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Assume that the optical receiver is signal shot noise limited; i.e.,

o .
Ig >> I, >> IBG and 2e IS AE > 4Fk T Af/GD Ry

Equation 6-8 now becomes
1/2 1/2
I T, T o M
SNR = ( ) ) - ( aTo A & Tp By )

2e Af 2hv Af

(6-9)

The minimum detectable solar flux is given by Eq. 6-9 for the case
where SNR = 1. More realistically, the SNR should be greater than
unity at a value which is consistent with desired system measurement
accuracy. It is apparent from Eq. 6-9 that the minimum detectable
signal is determined also by the spectral resolution and sampling

rate requirements imposed on the measurements.

For the case just considered, where the optical receiver is signal
shot noise limited, the minimum detectable signal is determined by
the detectar noise equivalent power, NEP, which in turn depends upon

the electronic bandwidth requirements of the measurements, given by

1/2
(4, 8£]

P = NEP = ————— (watts) (6-10)

S *

min D

where AD = detector area
p* = detectivity in c:m-'rizl/z-watt’.-1
Af ~ %— = electronic bandwidth
s

t_ = period of maximum signal frequency

When the system bandwidth requirements are large such that the
iti > > >
condition 2e I Af >> 4F, T Af/GD Ry or when I >> I, > L) o longer
hold, then the system sensitivity must be determined from Eq. 6-8.
We shall not determine the limitation to system bandwidth using the

first condition, i.e.,
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2F, T Af

e I, A > ——— (6-11)
S GD RL
Using Eq. 6-5, Eq. 6-11 can be rewritten
Fk T hv
PS > - (6-12)
e T Gy Ry
where
F, T hv
P = NEP > —2—“—-——— (6-13)
lim e ﬂD GD RL

The detector load resistance cannot be made arbitrarily large, however,

since RL must also satisfy the bandwidth condition

2

R, < Zfc

(6-14)
S

where CS = effective capacitance of detection system output

Combining Eqs. 6-10 and 6-13, the system electronic bandwidth must

satisfy the requirements

2 %* 2
T‘D GD D RL
Af < 172 (6-15)
Fk T hv AD
or from Egs. 6-14 and 6-15
2e2 “D GD p* 2/3
Af <( 172 ) (6-16)
Fk T hv AD CS
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Summarizing, the optimum selection of photodetector used for the
measurements depends upon several factors, most important of which

are detector responsivity, detectivity, and frequency response. From
Eq. 6-7, it is seen that the signal voltage is proportional to detector
quantum efficiency, ﬂD’ multiplication factor, Gy and load resistance,
RL' The latter is limited by bandwidth considerations as already
discussed. 1In order to increase responsivity then it may be desirable
to use a detector with internal gain, such as a photomultiplier, even
though quantum efficiencies are typically lower than near-unity gain
solid state detectors. Although internal gain does not enter directly
into SNR expression (Eq. 6-9) for the case of signal limited operation,
it is observed from Eq. 6-15 that internal and noiseless photocurrent
gain assists in overcoming thermal noise limitations while broadening

allowable electronic bandwidths.

The system electronic bandwidth must be sufficient such that small
changes in solar flux are detected, consistent with measurement
accuracies. Consider the satellite orbit depicted in Fig. 6-1. With
the satellite at an altitude of 1000 km and an orbit velocity of about
100 km/sec, the minimum time of travel of the satellite between

i
that 10 wavelengths are to be scanned during the travel through each

incremental altitudes h, - hj = 1 km is 10 millisecond. Now assume

incremental altitude and that the signal integration time per wave-
length channel is 1 millisecond. The electronic bandwidth requirement

for each observation is, consequently, about kaHz.

System performance can now be determined from Eq. 6-9 by making

certain system parameter assumptions and by using known values of solar
spectral irradiance. Consider the case of a photomultiplier tube

(S-5 response) and an optical receiver with the following character-

istics:
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Receiver collecting area, A, = 50 cm

Optical efficiency, To = g.S

Optical bandwidth, 4, = 10A

Detector quantum efficiency, ﬂD = 0.18 (at \ = 2600&)
Electronic bandwidth, Af = 2000 Hz

Assume that the atmospheric transmittance through the maximum length

of atmosphere is TA = 0,1, which is a worst case value.

The sglar flux at A = 2600A outside the earth's atmosphere is

A _ 12 2
NX ol 0.97 x 107" photons/cm” -sec-A.

1]

Using Eq. 6-9, the optical system signal to noise is calculated to be

o - £0:12(0.5)(50)(10)(0.18)(0.97 x 10%) 04
(2) (2000)
This SNR performance is typical for a measurement solar irradiance at
the lowest system sensitivity level and is suitable for reliable and

accurate measurements of ozone concentration.

So far the detectability of the detection system has been discussed
without detailed mention of the factors affecting the accuracy of the

measurements. These factors are now analyzed briefly.

6.6.2 MEASUREMENT ACCURACY

The method of extracting ozone concentration from the measurement

data will be reviewed here in order to delineate the factors affecting

the measurement accuracy.

For simplicity it will be assumed that solar intensity measurements

are made at spectral wavelengths where the ozone absorption is large
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Ii(Xl) and completely negligible Ii(xz), where i corresponds to the
ith altitude segmeﬁt. When the satellite is normal ‘to the sun's
tangential rays and in a position where the earth's atmosphere does
not intervene, then reference signal intensities are recorded, i.e.,
Io(xl) and IO(XZ).

Two ratios are formed; namely,

Ii()‘z) -N, (air) BO\Z)
R, (A\,)) = === = e (6-17)
io*"2 Io(kz)
where Ni(air) = number of air molecules per receiver viewing
area for the optical path at the ith altitude
B(A,) = molecular absorption cross section due to
2 X
scattering by air molecules at kz
and
- +
ey = 0D TE B0+ e 0]
io™1 I.(\) ‘
. o 1l
where B(Xl) = molecular absorption cross section due to scattering
by air molecules at xl
Ni(03) = number of ozone molecules per receiver viewing area
for optical path at the ith altitude
c(kl) = ozone absorption cross section

From Eq. 6-17,

. = 1 1 -
Ni(alr) = B(Xz) in Rio(lz) (6-19)
and from Eq. 6-18,
N,(0) = —a=lin—t - N (air) pOL) | (6-20)
i3 (kLT RO i 1/
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Combining Eqs. 6-17, 6-18, and 6-19 yields the expression for total

ozone content given by

1T <IO(X1) > B o <IO(K2)

N;(03) = Loy /T EGy I, 0

> j (6-21)

The measurement error in the total ozone content is obtained by differen-

tiating Eq. 6-21 as follows:

I

ol (02"
d( I, ) I -do 8 d( 1. )
_1 il ol\ 1 1 i2
d N;(05) = = —3 +In A7 7 ) 5B 1 -
1 < ol) il o] 172 (_gg\
I 1./
11 12
<102> ;0. 8,d8 -8B 0 dB -B By do ]
1n E—_ >
i2 01 82
1 { d 1, ) d 1 L <101> d o, ] EL d 1, ?l_d I, )
op v Iy Ly I3/ 97 By I, By Iy
ooy (4P B 4B Bydoyn
AT, LB, TR, B, B, o (©-22)
i2 2 2 P2 2 1
The maximum error in ozone content is then
N AL, 8 AT AL, — I, Ao
A N.(O3) 1 { Iol + il + 1 l 2 3 i2 4 1n< 01) 1
i o1 ol Ii1 By —Is  Ijou 1317 9y
I -8 B, AB B, AC.—
7102
In K—92)| 1,1 _Eg + El 5-15 } (6-23)
i2” = Py 2 P2 2 91 =
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Errors are incurred in the ozone measurements due to uncertainties in
measured intensities (including noise in signal), and in known values
of absorption and scattering coefficients. It is observed that errors
increase for increasing values of 51/52 so that kz should be larger
than the largest wavelength selected to correspond with the ozone ab-
sorption lines; in this way, the effects of Rayleigh scattering are

reduced for the longer wavelengths and 81/62 is minimized.

Consider for the moment the case where absorption and scattering co-
efficients are accurately known. The maximum percent of error in the

ozone measurement is, from Eqs. 6-21 and 6-23,

iy G S RO Lf_ . My
AN, (0,) 1 T, tE LT T )
Erax = ooy * 100 = — 22— AT\ 100 (5-24)
iv3 ol 1 02
{1“ (1 )' g 1 (1 ) }
11/ B 12

Errors in intensity measurements arise from three major sources:

a. Variations in sun's intensity across solar disc
b. Directly and indirectly scattered solar radiation

c. Quantum and shot noise

The sun is a relatively stable source of energy so that intensity
variations due to source modulation can be neglected. On the other
hand, the sun's brightness is significantly lower at the edge of the
solar disc than at the centef so that solar tracking errors could
result in considerable variations in the solar flux being observed
at the satellite. Figure 6-4 shows this limb-darkening effect;
ultraviolet radiant intensity is particularly reduced at the sun's

edge, where the ratio r/R is defined in Fig. 6-5.
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In order to effectively maintain constant source intensity, the sun
must be accurately tracked. Furthermore, the sun must continually

remain in the optical receiver's field of view during the measurement.

The field of view of the receiver is determined principally by the
vertical atmospheric resolution requirements and the altitude of the
satellite above the earth. As discussed in a previous report, the
vertical increment observed when the satellite is at a height of 1000 km
is 34 km when the full sun is observed. 1In order to improve this
vertical resolution, one must observe only a small segment of the sun.
Since ample signal-to-noise performance is achievable, then reducing

the observational area of the source is practical. The resulting

decrease in SNR is given by

SNR' = k <—S> SNR (6-25)
A
T
where
k = limb-darkening coefficient
S = observed solar area
AT = total area of sun

Reducing the optical receiver field of view from about 32 minutes of
arc to about one minute of arc has the additional advantage in that the

effects of indirect and direct solar scattering are made negligible.

The major source of measurement error arises from quantum and shot noise,

which from Eq. 6-9 is

AL _ N (2_9@”
1 S IS/

1/2

2
- 2hvpf \ _
LY k?\; Ap 8, Ty Hy
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6.7 PRELIMINARY INSTRUMENT CONCEPTS

In this subsection, a brief description is given of a spectrometer
design which appears to possess features which would allow it to make
the type of measurements required in the passive technique under con-
sideration. This instrument design and others will be examined in

greater detail in later stages of this program.

The instrument proposed here for the recording of intensities of spectral
bands from the ultraviolet to the visible is essentially a Czerny-Turner
spectroradiometer. Because of the short time duration allowed for
observation of the spectral bands and because of the general unde-
sirability of providing for grating rotation with discrete stops in
space applications, all wavelengths are observed simultaneously on a
single detector and are sorted through electronic filtering as in
Fourier spectroscopy. Thus, with several spectral bands to be scanned
in a given time interyal, simultaneous wavelength observation increases
the obtainable signal-to-noise ratio as compared to sequential wave-
length observation. The signal advantage of the larger entrance
aperture which is found in interferometer-type spectrometers is offset
by the high slits which can be used with the Czerny-Turner spectrometer.
It shoul& Se émphasized,however, that the main virtue of this approach
is not to be found in signal-to-noise considerationms, primarily since
high radiation fluxes are expected. The virtue of this approach is

the mechanical ruggedness and resulting reproducibility of the sy stem.
The grating monochromator relieves the instrument of the close toler-
ances found in the conventional Fourier spectrometer technique of
simultanéously producing periodic constructive and destructive inter-
ference in many wavelength bands by motion of a plate (change in time -
of the optical path length difference with constant velocity). Thus
the high signal-to-noise advantages of Fourier spectroscopy,with none
of its critical, geometrical tolerances, is combined with the more
conventional, sturdier grating spectrometer employing a stationary

grating.
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Scanning would be accomplished by means of a continuously rotating
reticle (see Fig. 6-6). The reticle would be segmented into a number
of arcs, the number and size depending on the results of the analytical
studies and on the compatibility of the instrument with satellite

mounting.

Since many of the wavelengths of interest are in the general region

of 3000A and others in the region of 6000&, the grating can be set to
simultaneously image the first-order visible and the second-order
ultraviolet wavelengths on the reticle. Each segment needs only
modulate its respective wavelengths (alternating segments for visible
and ultraviolet) and therefore needs groups of periodically interrupted
opaque arcs, each arc being characteristic of the exit aperture height
and the wavelength band which it must modulate. The width of these
arcs in the direction of the spectral dispersion would be determined

by a compromise between spectral resolution and signal requirements.

Ultraviolet and visible transmitting filters would alternately be
interposed into the light path between a beam cross section which
defines the external baffle and the entrance slit. The period of
interposing the filters will be related to the period of the rotating

reticle. Filter actuation could be through push-pull solenoids.

Loss of spectral resolution from astigmatic blur can be avoided through
the use of curved slits. Strictly speaking, this curve is only a
circle when one-to-one magnification collimating and camera mirrors

are used and even then only for the central image. For resolution of
the degree required for determining spectral intensities in the present
application a circular entrance slit would probably be adequate. This
featﬁre nicely complements the circular arcs of the periodically

interrupted opaque arcs appearing on the reticle.
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Figure 6-6. Conceptual Design of Spectrometer and Reticle for Measuring
Attenuated Solar Radiation at Several Wavelengths
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Demagnification in the spectral focusing mirror can be used to reduce
the residual coma which is characteristic of the Czerny-Turner mount
and would also decrease the required diameter of the reticle disc. A
spherical lens, possibly a spherical aberration minimizing doublet,
would be used to focus the spectral focusing mirror onto the photo-
cathode. In converting a relatively highly convergent beam from the
spectral focusing mirror into an even more highly convergent beam

at the photocathode, spherical aberration can result in a significant
radiant power loss. The plane deflecting mirror would be mounted on
flexural pivots so as to allow slight rotation for wavelength and

modulation frequency calibration after launch.

The design concepts discussed here, while admittedly being preliminary
in nature, show that measurements of the type required in the differ-
ential attenuation technique are entirely feasible from the point

of view of spectroscopic instrumentation.
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SECTION 7

RAMAN LASERS AS ACTIVE OZONE PROBES

In the long history of ozone measurements by optical techniques,
few attempts to use active probes have been made. The various
schemes which have been developed or proposed in the past depend
mainly on either direct, indirect, reflected, or scattered solar
radiation. However, the use of active probes as practical, ac-
curate, and reliable ozone measuring devices has recently become
feasible with the advent of the laser. This device emits radiation
which is coherent, highly directional, monochromatic, and very in-
tense. This combination of properties warrants serious considera-
tion of the laser for measurements of atmospheric properties. The
backscattering of laser radiation has, in fact, recently been used
as a means of probing the atmosphere. However, the monochromaticity
of laser radiation has proved to be a limitation on the type of

information that can be derived from backscattering data,

Since very few materials are capable of emitting pulsed, high-power
laser radiation, few wavelengths of intense laser radiation would

be available were it not for the phenomenon kaown as stimulated Raman
scattering (this phenomenon will be referred to as SRS and the
resulting radiation as Raman laser radiation.) This effect can be
exploited to generate intense laser-like radiation at a wide variety
of wavelengths and, therefore, to greatly extend the potential
usefulness of lasers for atmospheric probes. A brief review of the

physics involved in SRS is presented in the following subsection.
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Followinz this, an outline of various methods in which Raman laser
radiation could be used to measure the atmospheric ozone content
is presented. Subsection 7.3 deals with details of experimental
measurements which have been performed for the express purpose of
producing wavelengths of Raman laser radiation which coincide with
those in the ozone absorption bands. Calculations which show the
feasibility of an active probe technique involving ground-based
Raman lasers and satellite-based detectors are presented in Sub-

section 7.4.

7.1 STIMULATED RAMAN SCATTERING AND RAMAN LASERS

The inelastic scattering of photons by molecules is known as Raman
scattering. As a result of the act of scattering, an incident
photon of energy hv is transformed into a scattered photon of energy
hv'. The energy difference, h[v-v'[, represents the separation
between a pair of electronic, vibrational, or rotational levels of
the scattering molecule. The most commonly encountered forms of
Raman scattering involve the latter two types of molecular energy
levels. The normal or spontaneous Raman spectrum of a molecule,
i.e., that excited by an incoherent source of radiation, generally
consists of many spectral lines, each of which 1s separated from

the exciting frequency by the frequency of a vibrational or rotation-
al transition. The number of lines in the normal Raman spectrum
depends on the number of atoms in the molecule and on the symmetry

of the latter. Figure 7-1 shows the normal vibrational spectra of H2

and D2, and Fig. 7-2 shows the normal rotational spectrum of hydrogen.

When giant-pulsed, high intensity laser radiation is used to pro-
duce Raman scattering, instead of incoherent radiation from con-
ventional sources, the dominant scattering process may be induced,

or stimulated, Raman scattering (SRS). Thc occurrence of SRS depends

7087-1IR-1
98




- 1500 mm Hg

' 38°C

SLITS 1.6 em™!
e GAIN 50%,

O SPEED 8.3 A/min.
5  EXCITING LINE 4358 A
[o ]
~N

£ 1510 mm Hg.
:g 40°C 4
S SLITS 16 cm
R GAIN 50%
SPEED 8.5A/min.
‘ EXCITING LINE 4047 A
T 0 T
e § || €
~ v} o~ i
o = ° €
<t < < hd
iy
. ~N
3_3 2 2 0‘0 A 4

N

Figure 7-1. The Normal Raman Vibrational Spectra of Dy and Ho

e
.

7087-1IR-1 99

l73623679




12 ATMS
SLITS Scm™! ]
A EXCITING LINE 4358A
- 5
5 €
<3 ~N
3 2
o~ ™
! 1
o —
T
€
v
2 —
o T
7 £
~ o
1=
-
I
™

INTENSITY RATIOS OF HYDROGEN ROTATIONAL RAMAN LINES

OBSERVED THEORETICAL
35 (1035cm™')
ORTHO HYDROGEN 5 (556 cm=T] 0.112 0.2
-1
PARA HYDROGEN 24 (814 cm™ ) 0.438 0.458

02 (355cm=1)

Figure 7-2. The Pure Rotational Normal Raman Spectrum of H2

7087-IR-1 100

73623677




on the presence of a high density of both incident and Raman-scattered

photons and thus had not been observed prior to the development of

the laser. Several important differences are observed in the normal

and stimulated Raman spectra of any given substance:

Only one or two molecular transitions usually participate
in SRS. For example, in the SRS spectrum of hydrogen as
produced by ruby laser excitation only the Q(1l) transition
at 4156 cm.1 (see Fig. 7-1) appears. This can be seen in
Fig. 7-3 which shows the anti-Stokes SRS spectrum of HZ'
The efficiency of the Raman process dramatically increases
when the transition from normal to stimulated scattering
occurs. As much as 504 of the incident radiation may be
transformed into Raman shifted wavelengths in SRS, whereas
the normal scattering converts only a small fraction of a
percent of the incident radiation.

In addition to frequeacy shifts given by Av = lv-v'[, where
Av is the frequency of the molecular transition excited

in SRS, the scattered radiation contains components at the
frequencies vy nAv, where vy,
incident laser and n =0, 1, 2, - + . . Thus, the emission

is the frequency of the

line at 44008 which is seen in Fig. 7-3 corresponds to
VL + 2&v and is referred to as the second anti-Stokes line
of H, in SRS.

The gRS radiation is highly directional, many components
having essentially the same angular divergence as that of
the initial laser radiation. This is a consequence of the
fact that SRS involves the induced emission of radiation

by molecules.

The shifts, Av, most commonly produced in SRS correspond to molecular

vibrational frequencies and so their magnitudes vary, depending on
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the chemical substances that are used as the scattering medium.
Fairly complete lists of materials which can be used in SRS, and the

176 Th

shifts that they produce, have been recently published. us

J

a choice from over 100 materials can be made to find one which is
capable of providing Raman laser radiation at any wavelength desired
for a particular application. From the point of view of ozone probes,
the most useful Raman laser will be one which emits wavelengths

which lie both within and outside of the absorption bands of ozone.
This wavelength requirement also helps to identify the type of laser

radiation that should be used as the excitation source for the SRS

wavelengths, as will be discussed in the following subsection.

7.2 EXCITATION SOURCES FOR STIMULATED RAMAN SCATTERING

The phenomenon of SRS has been observed to occur only when high-
intensity, giant-pulsed laser radiation is used. Thus, relatively
low intensity, gas laser radiation can be excluded from consideration
in any scheme involving Raman laser probes. The excitation wave-
lengths which have successfully been used for the production of Raman
laser radiation are the primary emission wavelengths of the ruby

and neodymium lasers, 69434 and 10,580&, respectively, and their
so-called second harmonic wavelengths, 34728 and 52908. The latter
two wavelengths are produced by passing the primary laser radiation
through a crystal which has nonlinear optical properties. The

second harmonic (or frequency-doubled) radiation which emerges

from the crystal is usually only of the order of a few percent

as intense as that of the primary laser, although with internal
modulation techniques it is possible to greatly enhance the con-

version efficiency.177 In any case, SRS is not as readily achieved
with the second harmonic radiation as it is with the primary laser
radiation, mainly because of the lower intensity available at the

doubled frequency. Furthermore, complicating effects of two-photon
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absorption can also inhibit SRS of laser radiation when the shorter

178

wavelength excitation sources are used™ '

One of the significant findings of the experiments performed during
the reporting period is that a "pseudo-SRS" spectrum of the second
harmonic radiation can be readily produced, as is described in the
appendix. That is, even though the mechanism which produces the
spectrum is not truly SRS, coherent radiation is produced at wave-
lengths that would have been produced by the latter mechanism. If
details of the mechanism are not considered, it can be said that
the relatively low intensity and the two-photon absorption process
are factors which can easily be overcome in the production of Raman
laser wavelengths with the second harmonic of giant-pulsed laser

radiation. This is explained more fully in the Appendix.

From a consideration of the ozone absorption bands, it is clear

that a ruby laser is more suitable than a neodymium laser. The
proximity of the Chappuis bands to 69438 and of the Hartley-Huggins
bands to 3472K ensures that Raman laser radiation generated by these

two wavelengths will be within the ozone absorption bands.

7.3 CHOICE OF RAMAN SCATTERING MEDIUM

For the present application, gases were considered to be the ideal
scattering media for a number of reasons: (1) The largest frequency
shifts in SRS are produced by gases, e.g., H2 (4155 cm-l) and CH4
(2915 cm_l). This proves to be important in Raman-shifting laser
radiation from 3472% down to the vicinity of 3000&. (2) The
efficiency of conversion into Raman shifted wavelengths is generally
greater when gases are used, as compared to liquids and solids.

For example, the first Stokes line of both methane and hydrogen is

approximately 20% as intense as the incident laser radiation. When
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liquid samples are used, typical conversion efficiencies are between
1% and 54. (3) The fact that gases are essentially dispersionless
allows most Raman frequency components to emerge from the scattering
cell with essentially the same angular divergence as the excitation
laser radiation. When liquid samples are used, the various anti-
Stokes components emerge from the scattering cell with different
angular divergences, as the result of certain momentum-matching

requirements in the liquid.

The ideal Raman laser probe would appear to be one which produced
stimulated Raman frequencies centered about both the 6943& and 34728
laser components. The former would be used in conjunction with the
visible Chappuis bands and the latter with the ultraviolet Hartley-
Huggins bands. The simultaneous production of SRS in gases with

two different excitation wavelengths has not been previously reported.
The successful generation of Raman laser radiation with 6943& and
3472&, as reported in the Appendix, therefore represents a new
scientific accomplishment. Because of the results obtained, it can
be stated that intense coherent radiation can be produced at the

wavelengths listed in Table 7-1.

Any combination of these wavelengths could be used in the active
Raman laser probe technique, as will be described in more detail

in subsequent reports. Some wavelengths lie within the Chappuis
absorption bands, others within the Hartley-Huggins bands, and others
in wavelength regions which are free from ozone absorption. All of
these wavelengths will be of value in atmospheric ozone measurements.
It is also possible to simultaneously generate two sets of wave-
lengths, using a mixture of two gases, and several wavelengths which
are intermediate between those produced by the individual gasesl7?
However, unless later analysis proves this to be advantageous, only

single component gas scattering media will be considered for use in

the active probe technique.
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TABLE 7-1
RAMAN LASER WAVELENGTHS AS PRODUCED BY RUBY LASER EXCITATION

(6943A) AND ITS SECOND HARMONIC (3472R)

69434 SRS 34724 SRS
Gas Medium Wavelengths Wavelengths
' °
s, - - - 48794
S, 97604 40574
Hydrogen 4A81 53904 30334
AS, 44004 26944
( -2
s, 43524
Methane 5 87064 38621
ﬂ AS, 5774K 31528
A4S, 49404 28874
g s, - - - 43824
S, 87664 38744
Deuterium ﬁ AS, 57484 31444
4S5, 49044 28744
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The procedure used and the results obtained in the Raman laser
experiments are described in the appendix. The results have also
been analyzed in an attempt to identify the nature of the inter-
action which produces the Raman laser frequencies. On the basis

of the results obtained, the analysis presented in the appendix ap-
pears to be the correct one. However, one critical measurement
which would unambigiously distinguish between the two possible
mechanisms, SRS or the mechanism referred to as pseudo-SRS in the
Appendix, has yet to be performed. The experiment involves a measure-
ment of the relative intensities of the Stokes and anti-Stokes
components of the scattered radiation. According to the inter-
pretation given in the appendix, which is based on an analysis

by Giordmainésq the Stokes and anti-Stokes components should be

of approximately equal intensity. On the other hand, when the lines
are produced by SRS, the Stokes intensity is an order of magnitude
greater than the anti-Stokes intensity. Preliminary attempts to
measure the relative intensities proved to be unsatisfactory. Since
the efficiency of the Raman laser probe technique depends on the
intensities of the Raman-shifted components, the experiments will

be repeated.

The availability of high-intensity, directional Raman laser radia-
tion at wavelengths which are pertinent to the ozone optical absorp-
tion bands opens several possibilities regarding worldwide ozone
monitoring by optical means. Experimental configurations in which
Raman lasers could be employed include those in which the laser is
flown in a satellite and detectors placed in another satellite or

at ground stations. The attenuation of the different wavelength
components would serve as a measure of the ozone content between

the laser emitter and the detectors. The backscattering of Raman
laser radiation by the atmosphere could also be examined by placing

detectors aboard the same satellite as the Raman laser. However,
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the simplest and probably the most reliable use of Raman lasers

for atmospheric ozone measuring appears to be one in which Raman laser
radiation is transmitted from ground stations to an orbiting satel-
lite aboard which several photomultipiier tube detectors are placed.

Figure 7-4 illustrates the geometry involved.

Calculations designed to show that the Raman intensities are readily
detectable are presented in the following subsection, where the
specific examples of 34728 and 3034% arc used. For these calculations,
intensities of the emitted radiation were used which are typical

of those measured in the experiments described in the appendix.

In subsequent reports the limits of accuracy of this proposed tech-
nique will be established and a survey of recent developments in

Raman laser technology will be given to show that the intensities

can be considerably enhanced.

7.4 ACTIVE PROBE SIGNAL INTENSITY

This subsection describes the calculation of the number of signal
photons received when an actual system employing a Raman-shifted
frequency-doubled ground-based laser is used as described in the
preceding subsection. The geometry associated with such a system
is shown in Fig. 7-4. The area A subtended by the laser beam of

divergence and at a slant range R is given as

2
A= ‘1‘2—" (7-1)

As a result, the incident signal power P; on a detector of area a

in a system employing a laser of power P, is given as

R
p,4at

PI = _I_{._z__ (7"2)
arR T
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Figure 7-4. Geometry of Ground-Based Laser with Orbiting Detector
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where t is the atmospheric transmission at the wavelength of the laser

radiation, and a is the detector aperture.

Figure 7-5 shows slant ranges as a function of zenith angle for a
1000km orbit. The atmospheric transmission for light at several
laser wavelengths of interest were determined by considering clear

air atmospheric scattering and ozone absorption as a function of

zenith angle.

The actual detected signal power PD is given by

P, = P, Eq (7-3)

where E is the optical efficiency of the detector system and q 1is
the quantum efficiency of the phosphor.

Calculations were performed to determine the number of detected

photons for a system in which

a= 6 in,

E= 0.9

0.12 at 34728

0.5 megawatt at 3472%

o
N
uw

The results of this calculation are shown in Table 7-2.

Similar calculations were performed for a system radiating at
30344 and using vertical ozone contents which differed by a factor

of three. The results of the calculations are summarized in Fig. 7-6.
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Figure 7-5. Slant Range versus Zenith Angle for 1000 km Orbit
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TABLE 7-2

SIGNAL INTENSITY FOR VARYING ZENITH ANGLE

Signal Photoelectrons/

o = Zenith Angle Range Pulse At 34728
0° 1x10%m 2.24x10°
- 10° 1.04x10°%n 2.07x10°
20° 1.10x10%n 1.86x10°
30° 1.18x10%m 1.44x10°
40° 1.30x106m 1.O6x109
50° 1.46x10°n 0.74x10°
60°® 1.74x106m 0.45x109
70° 2.14x10%n 0.25x10°
80° 2.80x10%n 0.03x10°
90° -- --
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The calculations were performed for the purpose of demoanstrating
the detectability of the Raman laser radiation as transmitted to

a satellite through various atmospheric slant paths. The results
show that the received signal is well above the noise level of the
detector system, including background radiation. Similar calculations
for the other wavelengths shown in Table 7-1 will be performed dur-
ing the next year, and the limits of the accuracy with which the
atmospheric ozone can be measured will be established. For the
present, it should be pointed out that the techﬁiaue under evalua-
tion would be especially valuable for determining variations in the
horizontal distribution of ozone. If used in conjunction with a
technique which measures the vertical distributioa with high ac-
curacy, the distribution of atmospheric ozone over large geographi-

cal areas could be well mapped from a single satellite.
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SECTION 8

CONCLUS IONS

The work performed during the period covered by this interim report
consisted in large part of a compilation and examination of the vast
amount of literature that has been published on/the spectroscopy of
ozone, the measurement of its atmospheric concentrations by optical
means, its role in atmospheric dynamics, and its potential use as

a tracer for atmospheric winds./ Guided by the information derived
from this literature, two ozone measuring techniques have been
selected as the most promising, from among the various optical
techniques, for use in conjunction with an orbiting satellite.

These are: (1) the passive technique which utilizes solar radiation,
as described in Section 6, and (2) the active probe method utilizing
Raman laser radiation, as described ia Section 7. The former

offers great advantages in terms of determining vertical ozone
distributions on a worldwide basis and the latter technique appears

o B P N 1 I s

to be especially promising for measuring the total ozone content.

® Qo

The analyses performed, some of which were based on laboratory
measurements, confirmed the practicality and reliability of the

selected methods.

On the basis of well developed theories, which suffer only from a
lack of supporting observational data for practical implementation,
the monitoring of ozone distributions promises to be a unique and
invaluable means of defining and predicting atmospheric circulations

and other meteorological behavior.
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The approach most likely to yield significant information on the
motion of ozone on a global scale is to map the vertical ozone
distribution, or ozone profile, at numerous geographical locations
and to continuously monitor this information as the satellite orbits

around the earth.

8.1 ADVANTAGES OFFERED BY OPTICAL MEASURING TECHNIQUES

During the course of program effort, and as detailed in this report,
a number of distinct advantages of using radiation in the optical
regime for ozone atmospheric measurements became apparent. These

are listed in the following subsections.
8.1.1 ACCURACY OF OZONE ABSORPTION COEFFICIENTS

Ozone molecule exhibits broad absorption bands in the infrared,
visible and near UV, whose coefficients have been carefully measured
by many workers. The measurements have been independently repeated,
compared and refined. They have been critically evaluated in con-
nection with meteorological applications. There exists a general
agreement as to the most reliable set of values, and the coefficients

are now considered to be known to a high degree of precision.
8.1.2 RANGE OF VALUES OF OPTICAL ABSORPTION COEFFICIENTS

Large differences exist in the absolute magnitudes of ozone cross-
sections at visible and UV wavelengths (o ~ 10-21 cm2 at 48004,

o ~ 107 em? at 26008.) This means, in effect, that variations
of over four orders of magnitude in the total ozone content in an
optical path can be measured by absorption measurements. This

range also insures that:
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a. Ozone concentrations at altitudes as high as 75-80 km can
be measured from a satellite by using the larger cross-
section values.

b. Solar radiation which traverses the layer of maximum ozone
concentration will emerge with an atteauation that can
accurately be measured by using the smaller cross-section
values.,

8.1.3 METEOROLOGICAL APPLICATION OF OZONE ABSORPTION SPECTROSCOPY

Optical techniques have been used to measure atmospheric ozone con-
tent for over 45 years. All of the information we now possess
concerning atmospheric ozone was first obtained by optical means
(total ozone content, its vertical distribution, variations in
these latter two quantities, and, in fact, the very existence and
the approximate height of the ozone layer were first determined
through optical spectroscopic measurements.) The history of ozone
spectroscopy and measurements of its atmospheric content are, in
fact, inseparable. The physics and optical principles involved in
optical ozone measurements have been well developed and analyzed,
corrections have been introduced, and the principles are thus well
understood. Measurements from a satellite would not involve aay
radical or revolutionary concepts, but rather an adaptation or modifica-
tion of some well-established technique. Satellite measurements
do, however, offer the promise of greater accuracy and precision in
Ozone measurements by optical methods, as well as global coverage

on a continuous basis.,
8.1.4 SOLAR RADIATION AS A SOURCE FOR ABSORPTION MEASUREMENTS

The solar emission spectrum possesses a broad maximum in the visible
and near UV and IR spectral region and thus constitutes a very
strong source of radiation which can be used in atmospheric ozone

absorption measurements. The solar radiation is so intense that
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narrow wavelength intervals can be taken, high spatial resolution
optics can be incorporated into the optical system, and yet very
large signal-to-noise ratios will be obtained by photomultiplier

tube detectors.
8.1.5 LASERS AS SOURCES FOR ABSORPTION MEASUREMENTS

Since discrete wavelengths of radiation are generally used to measure
atmospheric ozone (even when the sun is used as a source) recently
developed sources of intense, collimated, monochromatic radiation
(Raman lasers) can be employed as sources for absorption measure-
ments. Significant progress has recently been made at EOS in the
.understanding of the physics involved in the production of visible
and near UV Raman laser radiation. (See Appendix and references
cited therein.) The availability of intense radiation at desired
wavelengths for ozone determination opens new possibilities with
respect to the relative positioning of the emission source and the
detectors used for measuring the radiation which is attenuated by

the atmospheric ozone.

8.2 PROJECTION OF PROGRAM CONTINUATION

In order to be able to exploit optical techniques to the limit of
their capability, the analyses described herein will be continued

and refined during the second-year effort of this study and prelimin-
ary design program. In particular, the accuracy and rate at which
measurements can be taken from a satellite will be clearly established
by performing an instrument design study, including instrument-
satellite interface considerations. The spectroscopic and physical
principles involved will also be examined in greater detail in order
to fully define the accuracy limits of each technique, and the type

of information that can be derived from each technique. Further
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considerations will be given to the problem of defining the optimum
orbits and ground station locations that would lead to a mapping of
the atmospheric ozone-air mass circulation. Laboratory measure-
ments of Raman laser wavelengths and intensities will be continued
if such measurements appear to be desirable. Finally, the inter-
relationships between atmospheric ozone and meteorological para- ‘
meters will be thoroughly investigated in order to clearly document
the value of monitoring the worldwide distributions of ozone.
Foremost among these interrelationships will be the manner in
which the atmospheric circulation and the ozone distributions react

with one another.
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SECTION 9

BIBLIOGRAPHY AND REFERENCES

This section contains a compilation of references to literature
articles which pertain to the topics discussed in this report.

The references are grouped into categories depending upon whether
the main emphasis is on ozone photochemistry, meteorological
significance, spectroscopy, etc. However, the classification of
the articles under one heading is somewhat arbitrary, since most
of the articles deal with more than one of the above topics. It
is to be noted that not all literature references appearing in
this bibliography have been cited in the text of this report.

For convenience, references which have been cited are collected in

Subsection 9.6, 'Cited References."
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APPENDIX

The phenomenon of stimulated Raman scattering (SRS) can potentially
be used to great advantage in molecular spectroscopy investiga-
tions, since it results in the production of pulsed, intense, co-
herent, collimated, and monochromatic radiation. In most instances,
SRS has been produced by using either 6943& ruby laser or 1.058u
neodymium laser radiation. On the other hand, the so-called second
harmonic radiation of these laser sources, at 34728 and 5290&,
respectively, would provide a more useful set of discrete SRS wave-
lengths, i.e., "laser-like" radiation in the ultraviolet spectrél
region where the electronic absorption bands of a great number of
molecules are located. However, few experiments of SRS involving
the second-harmonic of giant-pulsed laser radiation have been re-
ported. One reason for this is that the powers available at the
second harmonic wavelength are an order of magnitude or two lower
than those of the primary laser radiation. 1In certain cases,
quenching processes, such as two-photon absorption, may also serve

to inhibit SRS of the second harmonic radiation.

This appendix describes experiments which demonstrate that when
ruby laser radiation (6943&) and its second harmonic (34728) are
simultaneously passed through an SRS active material, a '"pseudo-
SRS" spectrum of the 34728 radiation can be produced. That is,
coherent radiation is made to appear at wavelengths identical to

those which would be produced by SRS of the 3472& radiation.
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However, power measurements indicate that the mechanism responsible
for the interaction is more properly described as a modulation of
the 34728 radiation by molecular vibrations which are coherently
driven by the 6943% laser radiation. The effect is similar to that
which has been shown to account for the Raman-type scattering of a
probe light by coherently driven lattice vibrationsl. In the pre-
sent case, the effect was used to produce second harmonic pseudo-
SRS spectra of hydrogen and methane gases and of a number of liquid

substances.

The experimental arrangement is as shown in Fig. A-1. The ruby
laser was Q-switched by means of a rotating prism and produced be-
tween 40 and 90 megawatts of 6943& radiation during a 34-nanosecond
pulse. The 34728 radiation was produced by passing the ruby laser
‘radiation through a 2.5 cm KDP crystal whose z-axis was oriented

so as to allow the production of 34728 through a nonlinear.polariza-
tion, phase-matching mechanismz. The power and energy measuring
devices shown in the figure were used to monitor the intensities of
the 6943& and 3472& radiation components incident on the scattering
medium. A variety of filters were used to differentially attenuate
the two radiation components before they entered the scattering
medium in order to determine the intensity combinatioms which
produced second harmonic SRS spectra. The occurreance or nonoccur-
rence of SRS was determined spectrographically, by means of an
£/6.3, 0.75m Jarrell-Ash spectrograph. The discussion below will
deal only with the results obtained for the specific example of

hydrogen gas.

The threshold power for SRS of laser radiation by hydrogen gas is
3
determined by such factors as gas pressure and temperature”, the
4 ;
effective focal volume of the lens system used , and the linewidth

., 5,6 .
and polarization of the incident laser radiation™ ., With the
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coherent radiation can be caused to occur at v' * DVps where Vr
is the Raman shift characteristic of the scattering material.

This technique was also used to produce pseudo-SRS spectra of
methane and of carbon disulfide, benzene and ethyl iodide. Ex-
periments, which will be described elsewhere, show that v' need

not necessarily be the second harmonic of indident laser radiation,
but may also be the anti-Stokes SRS component of a preliminary scat-

. . . . . 7
tering material, i.e., when two scattering media are used in tandem.

The mechanism responsible for the effect referred to herein as
pseudo-SRS is a general one and was first described in terms of
classical scattering ﬁheory by Garmire,4 et al, to account for the
production of multiple vibrational frequency shifts im SRS. Since
then, extensions of the theory have been used to explain: (1) the
detection of laser-stimulated lattice vibrations, or optical phonons,
by low-intensity monochromatic probes;1 (2) the appearance of com-
bination (sum and difference) vibrational Raman shifts in the SRS
spectra of two gases, which may either be two components in a gas
mixture or different gases in separate cells3; and (3) the pro-
duction of a complex vibrational-rotational SRS spectrum of hydro-

gen when excited by giant-pulsed 1.058u. laserx radiations.

Since the hydrogen gas can be considered to be essentially disper-
sionless, a simplified form of the theory, which neglects momentum-
matching requirements, can be used in the present case. The fre-
quencies emitted by the hydrogen gas can then be deduced by analyzing
the time-dependence of the oscillating electric dipole moment as-
sociated with coherently driven molecular vibratioms. This dipole

moment , H, is given by

0= q(—i%— E (1)
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hydrogen gas at 40 atmospheres and at room temperature, and with

the experimental arrangement shown in Fig. A-1, the threshold

power for SRS of 6943& was determined to be 30 MW + 3 MW. This
threshold value was obtained whether or not the 3472& radiation

was simultaneously passed through the hydrogen sample. The onset

of 6943X SRS was determined by the appearance of spectral lines

at the frequencies Vi, * Wy s where Vi, is the laser frequency,
16,400 cn™', v, = 4155 cn-landm =0, 1, 2, - - - . The maxi-
mum intensity o% 34728 produced by the KDP crystal was 1 megawatt.
It was not found possible to excite an SRS spectrum with this second

harmonic radiation, as_long as the intensity of 6943& radiation

simultaneously incident on the hydrogen sample was kept lower than

30 MW by differential filterimg. That is, the powers available at

the second harmonic wavelength were clearly below the threshold
power required for the preductiomn of SRS. (The actual threshold
for 34728 SRS was not determined, due to the limited second harmonic

gemeration efficiency attained in the experiments described here.)

However, even though the 34728 intensity was below the SRS threshold

)

the second harmomic SRS frequencies, ZVL E avy appeared in the

spectrum whenever the incideat 6943% radiationg was sufficiently
L + nVHZ. That
is, once the 69438 SRS threshold was exceeded, the 34728“SRS also

intense to produce the primary SRS frequencies, v

occurred simultaneously, with no apparent additional threshold
requirement. The pseudo-SRS spectrum was observed when powers
as low as 0.2 megawatt of 34728 radiation were used, providing
that more than 30 megawatts of 6943& were simultaneously incident

on the sample.
Tne results described above are taken as evidence that if relatively

low intensity radiation of frequency v' is tramsmitted through a

medium in which SRS is excited by high intensity laser radiation,
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where q is the amplitude of the molecular vibration which is driven
by a force which is proportional to the square of the total electric
fie1d3’4, and (%%)o is the polarizability derivative with respect

to q, which is assumed to be isotropic for simplicity. It has

been shown3 that with the gas pressures used,in the present experi-
ments the driving force is due primarily to the electric field
components associated with the high-intensity laser radiation (6943&)
and its Raman-shifted frequencies. When the time dependence of q
and the components of E are explicitly inserted into Eq. 1, it is
readily seen that if there is a component of the field corresponding
to the frequency v', the frequencies v' % Ve will be emitted by

the oscillating dipole, provided that the frequencies vg are excited

in SRS by the ruby laser.
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